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In this thesis research, recycled cellulose aerogels utilizing paper waste 
were successfully fabricated using two methods. The first approach uses a 
sodium hydroxide–urea aqueous solution, while the second uses a Kymene 
binder. The second method is novel and cost-effective. The second method 
needs only three days to fabricate the cellulose aerogels, compared with nine 
days for the first approach. The cellulose aerogels synthesized with a Kymene 
binder do not require any chemical dissolution steps or coagulation processes 
during their fabrication. The morphology of the cellulose aerogels could be 
controlled by changing the cellulose fibre concentration inside the initial 
cellulose aqueous suspension. Moreover, a simple and effective method for 
hydrophobic coating of the cellulose aerogels was successfully developed. The 
coated cellulose aerogels showed a stable hydrophobicity over the tested 
period (five months). 
The crude-oil (Ruby, RB; Te Giac Trang, TGT; and Rang Dong, RD) 
absorption capacities of cellulose aerogels (cellulose fibre concentration: 2.0 
wt. %) fabricated from a sodium hydroxide–urea aqueous suspension at three 
different temperatures (25, 40, and 60 
o
C) were investigated. The cellulose 
aerogels showed the highest absorption capacity (24.4 g/g) for Ruby (RB) 
crude oil at 40 
o
C, due to the optimum viscosity of the oil. The absorption 
properties of cellulose aerogels fabricated with a Kymene binder are explored 
in detail in the thesis. The maximum absorption capacity (95 g/g for 5w40 
motor oil) was achieved by the cellulose aerogels with a low cellulose fibre 
viii 
concentration (0.25 wt. %) inside the initial cellulose aqueous suspension, due 
to a high porosity (99.4 %) of the cellulose aerogels.  
The oil absorption kinetics of the cellulose aerogels was investigated 
with the pseudo-first-order and pseudo-second-order models. The 
investigations provided the benchmark values for the absorption rate constant. 
The activation energy of the oil absorption behaviours of the cellulose 
aerogels fabricated with a Kymene binder was also provided. The pseudo-
second-order model was more suitable for predicting the absorption behaviour 
of the cellulose aerogels because of its chemi-sorption nature.  
Furthermore, the pH values of the artificial sea-water had a negligible 
effect on the oil absorption behaviours of the cellulose aerogels, and the result 
show the feasibility of applying the cellulose aerogels in future oil-spill 
accidents. The cellulose aerogels of industrial size (38cm×38cm×1cm) and 
fabricated with the Kymene binder method could also be bent and rolled 
without damaging their shape, which demonstrates their high flexibility.  
The thermal conductivity and thermal stability of the cellulose aerogels 
fabricated with a sodium hydroxide–urea aqueous solution, the cellulose 
aerogels fabricated with a Kymene binder, and silica–cellulose aerogels were 
investigated. The cellulose aerogels fabricated with a sodium hydroxide–urea 
aqueous solution showed a thermal conductivity of 0.032 W/mK. However, a 
continuous weight loss was observed during thermogravimetric analysis. 
Although the thermal conductivity of the cellulose aerogels fabricated with a 
Kymene binder was 0.034–0.037 W/mK, the thermal stability was improved. 
The cellulose aerogels using Kymene binder decompose at a temperature of 
300 
o
C. To improve the thermal stability of the cellulose-based aerogels 
ix 
further, the silica–cellulose aerogels were successfully developed. A 25 oC 
delay of the decomposition of cellulose component (to 325 
o
C from 300 
o
C) 
was observed. Moreover, the silica–cellulose aerogels exhibited an inherent 
super-hydrophobicity and a better mechanical strength (Young’s modulus: 86–
169 KPa) than that of the cellulose aerogels (4–39 KPa). The cellulose-based 
aerogels developed for this thesis could therefore be used in oil spill–cleaning 
and thermal-insulation applications.  
x 
LIST OF TABLES 
 
Table 1.1 The economic relevance of typical aerogel insulation products. …..8 
Table 1.2 A general summary of aerogel properties and applications. ……..10 
Table 2.1 A comparison of different parameters for the unit cells of various 
cellulose allomorphs. ………………………………………………………..27 
Table 2.2 The general characterization methods for the cellulose fibres. …..30 
Table 4.1 The morphology control of the cellulose aerogels by changing the 
cellulose concentrations, with the concentrations of NaOH and urea fixed at 
1.9 wt. % and 13.7 wt. % respectively. ………………………………...........95 
Table 4.2 The morphological effects of the sodium-hydroxide concentration 
on the cellulose aerogels, with the concentrations of cellulose fibres and urea 
fixed at 2.0 wt. % and 13.7 wt. % respectively. ……………………………..95 
Table 4.3 Morphological effects of the urea concentration on the cellulose 
aerogels, with the concentrations of cellulose fibres and NaOH fixed at 
2.0 wt. % and 1.9 wt. % respectively. ……………………………………….96 
Table 4.4 The relevant specifications of the crude-oil samples in this thesis. 
………………………………………………………………………………..99 
Table 5.1 Chemical compositions of the various recycled cellulose aerogels. 
………………………………………………………………………………121 
Table 5.2 Summary of the maximum oil absorption capacities and the 
absorption rate constants of the cellulose aerogels at different temperatures, 
with various cellulose fibre concentrations, using the pseudo-first-order and 
pseudo-second-order models. ………………………………………………123 
Table 5.3 The relevant viscosities of the tested oils at different temperatures. 
………………………………………………………………………………125 
Table 5.4 Activation energies of the absorption of the cellulose aerogels with 
various cellulose concentrations on the oils, using the pseudo-first-order and 
pseudo-second-order models. ………………………………………………131 
Table 6.1 Effects of cellulose fibre concentrations on the thermal 
conductivities of the cellulose aerogels using a Kymene binder. …………..142 
Table 6.2 Morphology studies of the cellulose–silica composites. ………..146 
Table 6.3 The thermal conductivities of the silica–cellulose aerogels 
xi 
fabricated from cellulose matrixes with different cellulose fibre concentrations 
in the initial suspensions. …………………………………………………..150 
Table 6.4 The Young’s modulus of the silica–cellulose composites and their 
cellulose aerogel matrixes. …………………………………………………153 
xii 
LIST OF FIGURES 
 
Figure 1.1 Phase diagram of (a) evaporation and the two drying methods, 
(b) supercritical drying and (c) freeze drying. ……………………...…………3 
Figure 2.1 The primary structure of cellulose. ……………………………...23 
Figure 2.2 Hydrogen-bonding patterns in cellulose Iβ investigated by 
deuterium atom location. Carbon, oxygen, hydrogen, and deuterium atoms are 
in black, red, white, and green, respectively. (a) and (b) show the cellulose 
chain at the corner of the unit cell parallel to the c axis, while (c) and (d) 
display the chain pass through the centre of the a-b plane of the unit cell. 
(a) and (c) present the calculation results based on Fourier difference analysis, 
whereas in (b) and (d), the second disordered deuterium atom components are 
considered. ……………………………...……………………………………24 
Figure 2.3 The supramolecular structure of cellulose according to the fringed 
fibril model. The fringed fibril model shows the coexistence of the amorphous 
regions and crystalline regions of cellulose. ………………………………...25 
Figure 2.4 shows the unit cell of native cellulose (cellulose I) defined by the 
Meyer-Misch model, with dots representing oxygen atoms. ………………..26 
Figure 2.5 The hierarchical structure of wood with the dimensions. ……….28 
Figure 2.6 The hierarchy of flax fibres with the dimensions. ………………28 
Figure 2.7 Configurations of different terminal enzyme complexes (TCs) of 
(a) wood, plants, and green algae (Micrasterias) (6 chains/subunit), (b) green 
algae (Valonia) (10–12 chains/subunit), (c) red algae (Erythrocladia) (4 
chains/subunit), (d) yellow-green algae (Vaucheria) (1 chain/subunit), and 
(e) bacteria (Acetobacter) (16 chains/subunit). Each grey circle represents a 
subunit. ………………………………………………………………………29 
Figure 2.8 The hierarchical structure of wood microfiber, from the 
(a) terminal enzyme complex (TC) for synthesis from a mainsheet to the 
(b) elementary fibril (the assembly of 6 minisheets into an elementary fibre 
with dimensions approximately 3-5 nm), (c) microfibril cross-section 
(composed of 6 elementary fibrils, according to the modified Frey-Wysling 
model), and (d) microfibril lateral section (suggesting the arrangement of 
crystalline and amorphous regions). Each grey rectangle represents a cellulose 
chain. ………………………...………………………………………………30 
Figure 2.9 The coagulation process of the alkali/urea solution, investigated by 
synchrotron-radiation X-ray. The coagulation process began as the polar 
regeneration solution surrounded the cellulose. After being surrounded, the 
cellulose molecules tend to hide the hydrophobic glucopyanoside ring planes, 
xiii 
which led to the aggregation of the cellulose molecules. With the aggregation, 
the cellulose molecules formed stacked monomolecular sheets, promoting the 
development of hydrogen-bonded aggregation. The (1 1 0) plane suggests the 
lattice spacing of the hydrophobically stacked mono-molecular sheet, while 
the (0 2 0) plane implies the lattice spacing transverse to the ring plane of the 
cellulose molecules inside the hydrogen-bonded aggregation. ……………...41 
Figure 3.1 The proposed silanation reaction between cellulose and MTMS, 
which results in super-hydrophobic cellulose aerogels. ……………………..74 
Figure 3.2 The set-up of thermal conductivity measurement by a C-Therm 
TCi Thermal Conductivity Analyzer (C-Therm Technologies, Canada). …...84 
Figure 4.1 (a) Recycled cellulose fibres, (b) A recycled cellulose aerogel with 
a diameter of 3.8 cm, and (c) A FE-SEM image of a recycled cellulose aerogel 
before MTMS-coating. ……………………………………………………....93 
Figure 4.2 The FE-SEM image of the recycled cellulose aerogel after 
MTMS-coating. ……………………………………………………………...96 
Figure 4.3 Water contact angle (a) on the external surface of the coated 
aerogel and (b) on the cut surface of the coated aerogel. ……………………97 
Figure 4.4 Effects of exposure time on the water contact angles of the 
cellulose aerogels with different cellulose fibre concentrations. ……………97 
Figure 4.5 Effect of temperature on crude-oil absorption capability of the 
MTMS-coated recycled cellulose aerogel, and on the viscosity of RB. …...100 
Figure 4.6 (a) Aerogel sample before first absorption cycle. (b) Aerogel 
sample after first absorption cycle. (c) Squeezing out the oil from the cellulose 
aerogel. (d) Aerogel sample after squeezing. (e) Flexibility of the sample after 
squeezing. …………………………………………………………………..102 
Figure 4.7 Effect of cycles of sorption on (a) Oil absorption capacity and 
sample volume of the aerogel (b) Squeezed ratio of absorbed oil. ………...102 
Figure 4.8 Oil absorption process of the recycled cellulose aerogel in the 
mixture of RB (5 mL) and DI water (40 mL). ……………………………...104 
Figure 4.9 The absorption kinetics of crude oils on the coated aerogel. …..104 
Figure 4.10 Mechanical properties of the aerogel. (a) A 200g load on the 
aerogel (b) Compressive curve of the aerogel. ……………………………..105 
Figure 5.1 (a) Super-hydrophobic recycled cellulose aerogel, (b) Flexibility of 
the large-scale cellulose aerogel (38 cm × 38 cm × 1 cm) containing 
0.60 wt. % of the cellulose fibres, SEM images of the cellulose aerogels with 
different ratios of cellulose fibres (wt. %) and kymene (μl): (c) 0.25:5, 
(d) 1.00:5, (e) 0.60:5 and (f) 0.60:20. ………………………………………117 
xiv 
Figure 5.2 Water contact angles on (a) the external surface and (b) the 
cross-section of the super-hydrophobic recycled cellulose aerogel. ……….119 
Figure 5.3 Effects of exposure time on the water contact angles: (a) of the 
cellulose aerogels with different ratios of the cellulose fibres and kymene, and 
(b) on the external surface and the cross-section of the same aerogel sample, 
sample E (0.6 wt. % cellulose fibres and 5 μL Kymene inside the cellulose 
aqueous suspension). ……………………………………………………….120 
Figure 5.4 Maximum absorption capacities, Qm of (a) the 5w50 motor oil and 
(b) the Singer machine oil with the recycled cellulose aerogels with various 




Figure 5.5 Oil absorption process of the recycled cellulose aerogel with 
0.5 wt. % of cellulose fibres in the artificial seawater (3.5 wt. % NaCl and 
pH=7) mixed with 5w40 motor oil and dyed with Sudan Red G before testing. 
...…………………………………………………………………………….125 
Figure 5.6 Absorption kinetics of (a) the 5w50 motor oil and (b) the Singer 
machine oil on the recycled cellulose aerogels with various cellulose fibre 
concentrations of 0.50, 0.75, and 1.00 wt. % at 25
o
C. The magnified images 
show the absorption kinetics of the initial 2 min of the absorption processes. 
………………………………………………………………………………127 
Figure 5.7 Pseudo-first-order absorption linear fitting of (a) the 5w50 motor 
oil and (b) the Singer machine oil and pseudo-second-order absorption linear 
fitting of (c) the 5w50 motor oil and (d) the Singer machine oil on the aerogel 
with 0.50 wt. % of cellulose fibres at 25
o
C. ………………………………..128 
Figure 5.8 Experimental data fitted with the pseudo-first-order and 
pseudo-second-order models for the absorption kinetics of (a) the 5w50 motor 




Figure 5.9 Plots of ln(k1) and ln(k2) against reciprocal temperature for the 
absorption of (a, b) the 5w50 motor oil and (c, d) the Singer machine oil, 
respectively, on the cellulose aerogels with various cellulose fibre 
concentrations of 0.50, 0.75, and 1.00 wt. %. ……………………………...130 
Figure 5.10 (a) The compression stress-strain curves of the cellulose aerogels 
with different cellulose fibre concentrations. The magnified section shows the 
compressive curves at the low strain (up to 5%) of the cellulose aerogels 
with different initial cellulose concentrations. (b) The modulus as a function of 
the relative density (ρ/ρc) of the cellulose aerogels. ………………………..132 
Figure 6.1 The thermogravimetric analysis (TGA) curve of the cellulose 






Figure 6.2 A typical image of the thermogravimetric analysis (TGA) curve of 
the cellulose aerogel using Kymene binder. There were no observable 
differences between the TGA curves of the cellulose aerogels with different 
initial cellulose concentrations. .……...………………….……………….143 
 
Figure 6.3 SEM images of the silica–cellulose aerogels fabricated with the 
cellulose matrixes with different cellulose fibre concentrations (a) 1.0 wt. %, 
(b) 2.0 wt. %, and (c) 4.0 wt. % in the initial cellulose aqueous suspensions. 
(d) is a typical image of the of the zoomed-in silica region of the composites. 
.................................................................................................................…...144 
Figure 6.4  The nitrogen adsorption/desorption isotherms of the 
silica–cellulose aerogels fabricated with different cellulose matrixes. The 
different cellulose matrixes were fabricated with different cellulose fibre 
concentrations (1.0, 2.0, and 4.0 wt. %) inside the initial cellulose aqueous 
suspensions. ………………………………………………………………...146 
Figure 6.5 The moderate linear relationship between the silica mass 
concentration and the BET surface area of the composite. ………………...147 
Figure 6.6 XRD patterns of the silica aerogel, the cellulose aerogel, and the 
silica–cellulose aerogels fabricated from cellulose matrixes with different 
cellulose fibre concentrations (1.0, 2.0, and 4.0 wt. %) inside the initial 
suspensions. ………………………………………………………………...148 
Figure 6.7 A typical image of the water contact angle measurements of the 
silica–cellulose composites. ………………………………………………..149 
Figure 6.8 The thermogravimetric ananlysis (TGA) curve of the silica–
cellulose aerogels, compared with that of the cellulose aerogel using a 
Kymene binder. The composite aerogels were fabricated from cellulose 
matrixes with different cellulose fibre concentrations of 4.0 wt. % in the initial 
suspensions. ………………………………………………………………...151 
 
Figure 6.9 The compressive strain–stress curves of the silica–cellulose 
aerogels fabricated from the cellulose matrixes with different cellulose fibre 
concentrations (1.0, 2.0, and 4.0 wt. %) in the initial suspensions. The 
magnified section shows the compressive curves at the low strain (up to 5%) 
for the composite aerogels. …………………………………………………152 
 
1 
CHAPTER 1: Introduction 
 
This chapter presents the background of aerogels, highlights the drying 
techniques of aerogels, and describes the general properties and applications 
of aerogels. In addition, as a guideline, the objectives and organizational 
structure of this thesis are also provided.  
 
1.1 Aerogels  
1.1.1 Background 
An aerogel is a highly porous solid that holds gas (usually air) inside 
the porosity of its solid network 
[1, 2]
. Aerogels are well known in the scientific 
community for their low densities (typically from 0.00016 to 0.5 g/cm
3
) and 
high porosities (typically from 95 to 99.9 %) 
[3–5]
. Kistler et al. 
[6]
 invented the 
first aerogel in 1931, which was a relatively transparent silica aerogel. In the 
same year, they also prepared the alumina, nickel tartarate, stannic oxide, 
tungstic oxide, gelatine, agar, nitrocellulose, cellulose, and egg albumin 
aerogels 
[6]
. Their aerogel inventions concerned both the organic and inorganic 
aspects of the solid substance. In later years, Kistler 
[7]
 also initialized the 
fabrication of aerogels at industrial scale.  
Almost all aerogels can be categorized into the following two groups: 
single-component aerogels and composite aerogels, based on their 
composition 
[2]
. The most famous single-component aerogels are the inorganic 
silica aerogels, carbon aerogels, and metal-oxide aerogels, while 
polysaccharide-based aerogels, resorcinol–formaldehyde (RF) aerogels, and 
melamine–formaldehyde (MF) aerogels are well known as organic aerogels. 
2 
The composite aerogels may be fabricated by post-synthesis doping or 
modification of the single-component aerogels 
[8]
. However, a more 
advantageous approach is to integrate the different entities during the sol-gel 
processing, which opens more possibilities for composite-aerogel fabrication 
from various substances with different compositions 
[8]
. Typical composite 
aerogels are metal oxide–silica aerogels, metal oxide–RF aerogels, and   
silica–polymer aerogels. There are other classification criteria for aerogel 
categorization, such as form (monolith, granular, powder, and film) and 
microstructure (microporous, mesoporous, and mixed-porous) 
[2]
.  
Aerogels have many fascinating properties. The carbon aerogels 
fabricated by Sun et al. 
[5]
 have a bulk density of as low as 0.00016g/cm
3
, 
making them some of the lightest materials. Additionally, the sound velocity in 
silica aerogels, as reported by Fricke 
[9]
, can be as low as 100 m/s, which is 
among the lowest of any solid material. Kabbour et al. 
[10]
 synthesized 
activated carbonized aerogels with a specific surface area of 3200 m
2
/g, which 
is one of the largest of any non-powder material. Interestingly, aerogels have 




Currently, the research front of aerogels is extremely diverse: carbon 
aerogels (such as graphene and carbon nanotube), diamond aerogels, carbide 
aerogels, chalcogenide aerogels, and single-metal-element aerogels are being 
studied for their novel compositions, and novel composite aerogels for their 
practical applications 
[2, 12–15]
. Aerogels currently have a niche market. Today, 
the aerogel market is experiencing a fast growth: the global market value of 
3 
aerogel products was $110.5 million in 2011, and is estimated to be $332.2 




1.1.2 Drying techniques for aerogels 
Drying is the process that converts gels into aerogels, and most 
aerogels are the resultants of successful drying. During conventional drying, 
the surface tension of the evaporation liquids leads to cracks, distortion, and 
shrinkage, which should typically be minimized in aerogel fabrication. The 
two most widely used drying methods for the production of aerogels are 1) the 
supercritical-drying method and 2) the freeze-drying method. Both methods 
minimize the surface tension by avoiding crossing of the liquid/gas boundary 
during drying. The phase diagram presented in Figure 1.1 below illustrates the 
two processes.  
 
 
Figure 1.1 Phase diagram of (a) evaporation and the two drying methods,      
(b) supercritical drying and (c) freeze drying. Adapted from the thesis work of 
Mateusz B. Bryning 
[17]
. 
Supercritical drying, also known as critical point drying (CPD), utilizes 
the supercritical fluid, which can effuse through a solid as a gas. When 
4 
temperature and pressure are raised above the critical point of a substance, the 
substance becomes a supercritical fluid, as no distinct liquid or gas phase can 
exist. As a supercritical fluid, when it leaves the pore walls, the evaporation of 
liquid does not occur (i.e., there is no crossing of the liquid/gas boundary) 
[18]
. 




Supercritical carbon dioxide (CO2) is the most commonly applied 
supercritical fluid for the supercritical drying, mainly due to its relatively 
easily accessible critical point (30.95 
o
C and 72.8 atm) 
[20]
. Moreover, CO2 is 
also non-toxic, non-flammable, and economical 
[21]
.  
Freeze drying, also known as lyophilization, refers to a drying process 
in which the crystallized solvent below the triple point sublimes to a vapour 
phase 
[22]
. As the freeze-dying method is used in this thesis, the history of 
freeze drying will be briefly reviewed. Freeze drying began in 1890. Altmann 
was the first to apply freeze drying to obtain the organs and tissues for a 
histological microscopy examination 
[23]
. Later, in 1906, Bordas and 
d’Arsonval used a refrigerated condenser to remove the water vapour for the 
first time 
[24]
. With the invention of the diffusion pump, Gersh added the 
effective vacuum concept to freeze drying in 1932 
[25]
. After World War II, 
accelerated freeze-drying (AFD) was developed by the Ministry of Food (UK), 
and commercial exploitation of this process started in 1960 
[26]
. In 1967, 
another breakthrough in freeze drying was reported by Mellor, who 
successfully developed a cyclic-pressure method by applying transfer effects 




Freeze drying minimizes surface tension, since it avoids the boundary 
crossing of liquid and gas. Moreover, industrial freeze drying, as a standard 
industry process, and with the accumulated development of more than half a 
century, provides knowledge for its future applications 
[28]
. Freeze drying is 
much more practical, economical, and scalable than supercritical drying, 
because supercritical drying, as a newly emerging industry process, with little 
public knowledge of its industrialization process, is well known for its high 
cost due to the high pressure and large amount of CO2 involved. For this thesis, 
only water as a solvent for freeze drying was used, as water is cost-effective 
and eco-friendly. Moreover, all the cellulose aerogels synthesized in this thesis 
were fabricated from water-based solvents.  
The freeze-drying process generally consists of three main            
stages: pre-freezing, primary drying, and secondary drying. During the       
pre-freezing stage, ice crystallizes from the free water, a critical step. This 
crystallization process may damage the network structures of the aerogels if 
the structures are not strong enough. The experimental results showed that our 
recycled cellulose-based samples were robust enough to withstand the 
formation of ice crystals 
[29–31]
. The pre-freezing step for this thesis was 




After the pre-freezing stage, the frozen materials are taken out of the 
refrigerator, and then are transferred to the vacuum chamber (steady state 
pressure: below 0.1 mbar) of a freeze dryer. The temperature of the freeze 
dryer is approximately -90 
o
C. When the ice sublimes, the water vapour from 
sublimation is gathered by mounting a cold trap along its path. This is the 
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primary drying stage, also known as the sublimation drying stage, during 
which the majority of the water is removed from the samples. Two transport 
mechanisms are mainly involved in the primary drying: the energy transport, 
which transforms crystallized ice into water vapour, and the water vapour 
transport, which transports the water vapour from the surface of sublimation 
across the dried materials through the drying chamber to the cold trap 
[22]
. 
Essentially, the driving force for the water sublimation relies on the vapour 
pressure difference between the sublimation surface and the cold trap.  
Finally, the secondary drying stage, also known as desorption drying, 
commences after the disappearance of ice. During which stage, the moisture in 
the material is evaporated, and the heating rate and pressure must be reduced 
(temperature: approximately -95 
o
C; pressure: approximately 0.03 mbar) to 
successfully dry the materials, due to the upper safe temperature limit for the 
materials and low water vapour pressure in the chamber. For porous materials, 
such as the aerogels, the secondary drying may consume a third of the total 
drying time, due to the large surface area 
[32]
. Moreover, over-drying is 
difficult to avoid at this stage, as it is difficult to judge whether the drying is 
finished or not, which further extends the drying time. 
 Ambient drying may reduce the time and energy consumptions of 
supercritical drying and freeze drying 
[33]
. For the ambient-drying conditions, 
robust network structures need to be constructed to prevent collapse or 
irreversible shrinkage; another approach is to minimize the surface tension by 
chemically modifying the pore surface and carefully choosing the pore  
solvent 
[33]
. At this point, both approaches are far from mature and are even 
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harmful to the environment, due to the large amount of chemicals and time 




1.1.3 General properties and applications of aerogels 
In this section, the discussion focuses on the porous, thermal, and 
mechanical properties of the various aerogels, which are well known in the 
scientific community 
[2, 8, 33]
. The high surface areas and porosity make 
aerogels potential candidates for storage media, such as gas filters, absorption 
media, and hydrogen storage media 
[37]
. Silica aerogels were used as gas filters 
to collect aerosols (viruses and bacteria in the size range of 20–2000 nm) for 
gas purification 
[38]
. Moreover, aerogels were studied as absorption media, 
since the high porosity of aerogels leads to a large absorption                
capacity (14–743 g/g) [5, 39–42]. Many researchers have proposed to tailor silica 
aerogels to the host matrixes for long–life nuclear waste [40, 41]. In addition, 
aerogels such as carbon aerogels, silica aerogels, and cellulose aerogels have 
served as absorbents for oils and other organic pollutants 
[5, 39, 42]
. 
One of the famous applications of aerogels is thermal insulation, as 
aerogels (thermal conductivity: 0.0089–0.05 W/mK) are among the best 
known thermal insulation materials 
[43–45]
. Cohen et al. 
[45]
 reported a silica 
aerogel, fabricated by using separated catalysts for hydrolysis, condensation, 
and gelation steps, with a thermal conductivity of 0.0089 W/mK under 
ambient conditions. For comparison, air has a thermal conductivity of around 
0.025 W/mK, which also implies that the low thermal conductivity of the 
silica aerogel is not the result of the high porosity 
[46, 47]
. The low thermal 
conductivity of silica aerogels can be adequately explained by the Knudsen 
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effect. According to the Knudsen effect, when the pore size of a material is 
smaller than the mean free path of air, the thermal conductivity of the material 
is dramatically reduced 
[48]
.  
Table 1.1 The economic relevance of typical aerogel insulation products 
[49]
. 
(Reproduced with permission from Ref. 49. Copyright (2012) Springer.)  
Application Installation and 
assembly cost 
Operating cost Economic 
potential 
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Many commercial thermal products have been developed from silica 
aerogels, such as Thermal Wrap 
TM
, Compression Pack 
TM





. Currently, North American industrials Cabot Corporation 
and Aspen Aerogels are the two main players in the global market for aerogel 
insulation, and their products are mainly sold in off-shore oil and gas, 
aerospace, building insulation, high temperature insulation, cryogenic 
applications, and apparel 
[49]
. Some typical aerogel insulation products and 
their economic relevance are listed in Table 1.1 above.  
The thermal stability of aerogels highly depends on the nature of their 
substance, for instance, the degradation temperatures of alumina aerogels 
(above 950 
o
C) are much higher than those of polymer                          
aerogels (e.g. Resorcinol formaldehyde aerogels: 300–400 oC) [51, 52]. On the 
other hand, a slight improvement in the thermal stability of components with 
lower thermal stability has also been observed for composite aerogels, due to 
the interactions between the different components 
[53]
. 
For the mechanical aspect, some aerogels are highly compressible 
materials (e.g. epoxy-clay aerogels can be compressed to a strain above 60%), 
and some elastic aerogels have been successfully synthesized (e.g. elastic 
graphene aerogels) 
[54, 55]
. The silica aerogels with a reasonable compressible 
ability resulting from their low densities (0.13 g/cm
3
) enable a large amount of 
kinetic energy to be absorbed (shock pressure: 6.7 GPa; shock                
density: 0.79 g/cm
3
) when they are used as absorbers and experience shock 
compressions 
[56]
. The low-shock-impedance silica and carbon aerogels are 
potentially applicable in generating thermodynamically confined plasma of 




. However, most aerogels are highly brittle materials (collapsed 
at a compressive strain below 5%), especially silica aerogels, and this 
characteristics limits their practical applications 
[59–61]
.  
Table 1.2 A general summary of aerogel properties and applications 
[62]
. 
(Reproduced with permission from Ref. 62. Copyright (1998) Elsevier.) 
Property Feature Application 
Thermal 
conductivity 
 Best insulating solid 
 Transparent  
 High temperature 
 Lightweight 
 Architectural and appliance 
insulation, portable coolers, 
transport vehicles, pipes, 
cryogenics, skylights 




 Lightest synthetic solid 
 Homogeneous 
 High specific surface 
area 
 Multiple compositions 
 Catalysts, sorbers, sensors, 
fuel storage, ion exchange 
 Targets for ICF, X-ray 
lasers 
Optical  Low refractive index 
solid 
 Transparent 
 Multiple compositions 




Acoustic  Lowest sound speed  Impedance matchers for 
transducers, range finders, 
speakers 
Mechanical  Elastic 
 Light weight 
 Energy absorbers, 
hypervelocity particle traps 
Electrical  Lowest dielectric 
constant 
 High dielectric strength 
 High surface area 
 Dielectrics for ICs, spacers 
for vacuum electrodes, 
vacuum display spacers, 
capacitors 
Aerogels also have other extraordinary properties, such as acoustic, 
optical, and electronic properties. All these impressive properties enable them 
to have numerous practical and potential applications, as listed in Table 1.2 
above.  
 
1.2 Objectives of thesis 
Large amounts of paper waste are constantly generated world-wide, 
and so paper waste should be recycled to preserve forests and reduce pollution 
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from landfills and incineration 
[63, 64]
. Through separation processes, paper 
waste could be converted to recycled cellulose fibres 
[65]
. These recycled 
cellulose fibres are a cost-effective and abundant raw material, and will be 
explored in this thesis 
[29–31]
. The recycled cellulose fibres and general 
cellulose materials will be extensively discussed in Section 2.1. 
This thesis aims to develop cellulose-based aerogels from recycled 
cellulose fibres of paper waste, and characterize the properties of these 
aerogels. The results of this thesis might help the environment in the following 
three ways: 
 Finding new applications for recycled cellulose fibres, which would 
promote paper recycling. 
 Introducing a promised sorbent material for oil-spill cleaning. 
 Offering alternative materials for thermal insulation of buildings, which 
could help to save energy and reduce emissions of greenhouse gases. 
The specific objectives of this research were to 
(a) Propose a novel and cost-effective process for preparing highly flexible 
hydrophobic cellulose aerogels of an industrial size; 
(b) Obtain cellulose aerogels with high absorption capacity for different oils, 
and investigate their oil absorption kinetics; 
(c) Fabricate cellulose aerogels with low thermal conductivities; 
(d) Develop cellulose composite aerogel to improve the thermal stability and 
mechanical strength of cellulose aerogels. 
It should be noted that this thesis focuses on synthesizing the cellulose-
based aerogels of recycled cellulose fibres from paper waste and testing their 
properties. Other cellulose resources, such as bacterial cellulose and plant 
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cellulose, are beyond the scopes of this thesis, due to the eco-friendliness of 
the recycled cellulose fibres. The fabrication of recycled cellulose fibres from 
paper waste was not attempted for this thesis, because the relevant technology 
is mature and well established 
[65]
. Two methods for synthesizing recycled-
cellulose aerogels have been developed. The first method uses sodium 
hydroxide–urea aqueous solutions. The second method, introduced for the first 
time in this thesis, is a novel method that works via the application of a 
Kymene binder. This thesis mainly deals with the oil absorption and thermal 
properties of the developed aerogels, rather than their other properties, because 
of its stated objectives and the high environmental potential of these two 
aspects. 
 
1.3 Organization of thesis 
This thesis is organized into the following chapters:  
Chapter 1, i.e. this chapter, introduces the background of aerogels, 
discusses the drying techniques of aerogels, and presents the general 
properties and applications of aerogels. The motivations and contents of the 
thesis are also provided.  
Chapter 2 presents a comprehensive literature review of cellulose, 
cellulose aerogels, and silica–cellulose composite aerogels, including their 
fabrication methods, morphology, and various properties.  
Chapter 3 gives a summary of the materials, experimental methods, 
and characterization approaches of the cellulose-based aerogels in this thesis. 
In particular, the hydrophobic coating of recycled cellulose aerogels is 
discussed in detail. 
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Chapter 4 investigates the effects of cellulose concentrations,    
sodium-hydroxide concentrations, and urea concentrations on the 
morphologies of recycled cellulose aerogels using sodium hydroxide–urea 
aqueous suspensions. The oil absorption properties and mechanical properties 
of the cellulose aerogels are also presented. In addition, the oil absorption 
capacities of the different crude oils of cellulose aerogels are investigated for 
the first time. 
Chapter 5 studies the morphologies, oil absorption properties, and 
mechanical properties of recycled cellulose aerogels synthesized using the 
Kymene-binder method, which is a novel approach. The absorption kinetics of 
two oils with different viscosities of the recycled cellulose aerogels at different 
temperatures are also investigated. In addition, activation energies are 
calculated from the change of the absorption-rate constant with temperature 
through the Arrhenius equation, which has never been done before for 
cellulose aerogels. 
Chapter 6 focuses on the heat-insulation applications of recycled 
cellulose-based aerogels. The thermal stability and thermal conductivity of the 
recycled cellulose aerogels using sodium hydroxide–urea aqueous suspensions, 
of the recycled cellulose aerogels using a Kymene binder, and of the       
silica–cellulose aerogels are determined. In addition, the morphologies and 
mechanical properties of silica–cellulose aerogels are presented. This chapter 
highlights the fact that silica–cellulose aerogels show increased mechanical 
strength and improved thermal stability over the recycled cellulose aerogels.  
Chapter 7 presents the main conclusions of this thesis and offers 
recommendations for further research.  
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CHAPTER 2: Literature Review 
 
This literature-review chapter presents the basic facts about cellulose materials 
and comprehensive information about cellulose aerogels and silica–cellulose 
composite aerogels. Both the fabrication methods and properties of cellulose 
aerogels and silica–cellulose aerogels are discussed in detail.  
 
2.1 Cellulose materials 
2.1.1 Introduction 
Cellulosic materials have a long history in human civilization, dating 
back to prehistoric times. When mankind discovered the technology to 
generate fire, it is very possible that cellulosic materials served as the fuel. In 
4500 BC, human beings had already cultivated hemp for rope and cordage 
production in China and Southeast Asia. Five hundred years later, in 4000 BC, 
garments containing cellulosic materials were fabricated. In AD 105, Ts’ai 
Lun in China was the first to make paper sheets, and since then cellulose has 
been used extensively in the writing of documents. Later in history, cellulose 
was also involved in propellants and gun-powder production, which was 
significant in exploration and trade 
[1]
.  
French chemist Anselme Payen was the first to separate cellulose, i.e. 
an isomeric form of starch (44.4 wt%, C; 6.2 wt%, H), from other substances; 
it was later named ‘cellulose’ by the French Academy in 1839 [2]. About 100 
years later, cellulose was proven by the works of Staudinger and other 
scientists to be a covalently linked macromolecule 
[3]
. This fact is thought to 
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be the foundation of polymer science 
[1]
. In 1953, Staudinger received the 
Nobel Prize for his contributions to the polymer molecular structure field.  
Cellulose has the advantages of biodegradability, non-toxicity, and 
high chemical durability, and is the most abundant organic polymer 
[4]
. The 
annual production rate of cellulose by photosynthesis is approximately 
           tons, which guarantees its renewability and sustainability [4–7]. 
Moreover, cellulose is biodegradable in the natural environment. Cellulolytic 
microorganisms are commonly found in soils, and they degrade cellulose 
completely with the help of other non-cellulolytic microorganisms 
[8]
. Under 
aerobic conditions, the end products of the degradation of cellulose are 
normally carbon dioxide and water, while under anaerobic conditions, the end 
products are methane and carbon dioxide 
[8, 9]
. Furthermore, cellulose is not 
toxic to living organisms, because of its high chemical durability 
[10, 11]
.  
Cellulose is produced by the condensation polymerization of      
glucose 
[12]
. Wood, plants, tunicates, several species of algae, and some 
bacteria (e.g. Gluconacetobacter xylinus) can convert glucose to cellulose 
[13]
. 
The secondary wall of cotton-seed hairs contains nearly 100% cellulose, while 
in many other plant products, such as wood, straw, and bamboo, the cell wall 
is constructed of a combination of cellulose, hemi-cellulose, and lignin 
[9]
. 
The major source of cellulose for paper production is wood. As 
recycled cellulose fibres from paper waste were used for this thesis, the 
pulping process is briefly discussed. Wood is converted into pulp for the 
purposes of dispersion in water and reformation of webs by the pulping 
process. The four industrial categories for wood pulping are chemical pulping, 
semi-chemical pulping, chemi-mechanical pulping, and mechanical pulping, 
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categorized by the dependency on chemicals and mechanical energy 
[14]
. The 
method with higher dependency on mechanical energy and lower dependency 
on chemicals results in a higher fibre yield and fibres of lower mechanical 
strength, because of the increased amount of lignin and cleavages in the 





2.1.2 Structure of cellulose 
The unit of cellulose is the D-anhydroglucopyranose unit (AGU), and 
the AGUs are linked by β-(1→ 4)-glycosidic bonds in cellulose, as displayed 
in Figure 2.1below. Cellulose could also be viewed as an isotactic polymer of 
the dimer cellobiose. The cellulose chain has a reducing C-1 end and a non-
reducing C-4 end with regard to the hydroxyl group behaviour. Three 
hydroxyl groups are located at the C-2, C-3, and C-6 positions of each of the 
AGUs. As confirmed by X-ray diffraction (XRD) and nuclear magnetic 
resonance (NMR), the AGUs in a cellulose chain normally follow a 
4
C1 chair 
conformation. In the 
4
C1 chair conformation, the free hydroxyl groups are on 
the ring plane (equatorial), whereas the hydrogen atoms are located in a 
vertical position (axial).  
 
Figure 2.1 The primary structure of cellulose 
[15]
. (Reproduced with 





Figure 2.2 Hydrogen-bonding patterns in cellulose Iβ investigated by 
deuterium atom location 
[16]
. Carbon, oxygen, hydrogen, and deuterium atoms 
are in black, red, white, and green, respectively. (a) and (b) show the cellulose 
chain at the corner of the unit cell parallel to the c axis, while (c) and (d) 
display the chain passing through the centre of the a-b plane of the unit cell. (a) 
and (c) present the calculation results based on Fourier difference analysis, 
whereas in (b) and (d), the second disordered deuterium atom components are 
considered. (Adapted with permission from Ref. 16. Copyright (2002) 
American Chemical Society.) 
The hydroxyl groups facilitate the formation of hydrogen bonds. There 
are two types of hydrogen bonds: intramolecular and intermolecular hydrogen 
bonds 
[13]
. The intramolecular hydrogen bonds that are between O-3-H and   
O-5’, and between O-2-H and O-6’ are suggested by XRD and NMR [17, 18]. 
There are currently a number of hypotheses about intermolecular hydrogen 
bonds. One such hypothesis, made by Nishiyama et al. 
[16]
, is presented in 
Figure 2.2 above. The hydrogen bonds contribute to the stiffness of the 
cellulose chain and the stability of the crystalline conformation. Moreover, the 
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micro-fibrils formation of cellulose also needs the cooperation of hydrogen 
bonds and the van der Waals forces 
[9]
.  
The fringed fibril model is well established for the supramolecular 
structure of cellulose 
[19]
. This model shows the coexistence of the amorphous 
regions and crystalline regions, while neglecting the small amount of 
substances that have minor influence in an intermediate state of order 
[19]
. This 
two-phase model is widely used to adequately explain the heterogeneous 
reaction process of cellulose 
[15]
. An illustration of this model is shown in 
Figure 2.3 below 
[15, 19]
. The crystalline degree of native cellulose is 
approximately 60–90% [20]. 
 
 
Figure 2.3 The supramolecular structure of cellulose according to the fringed 
fibril model 
[15, 19]
. The fringed fibril model shows the coexistence of the 
amorphous regions and crystalline regions of cellulose. (Reproduced with 
permission from Ref. 15. Copyright (2004) John Wiley and Sons.) 
 
Four different cellulose crystalline allomorphs (cellulose I, II, III, and 
IV) have been well known for a long time 
[13, 21]
. Natural cellulose is   
cellulose I, while cellulose II commonly results from the regeneration of a 
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cellulose I solution inside an aqueous medium at room temperature or slightly 
higher temperatures 
[4]
. The conversion of cellulose I to cellulose II is usually 
irreversible. Generally, cellulose III is obtained from cellulose I or II via 
treatment with liquid ammonia below -30 
o
C, and subsequent evaporation of 
the ammonia 
[15]
. For cellulose IV, one of the methods for generating it is to 
soak the cellulose inside a suitable liquid at a high temperature under     
tension 
[15]
. The unit cell of native cellulose (cellulose I), defined by the 
Meyer–Misch model, is shown in Figure 2.4 below, and its lattice lengths a, b, 
and c, as well as lattice angle β, are indicated [22]. The parameters of the unit 




Figure 2.4 shows the unit cell of native cellulose (cellulose I) defined by the 
Meyer–Misch model, with dots representing oxygen atoms [22]. (Reproduced 
with permission from Ref. 22. Copyright (2012) Wiley-VCH Verlag       
GmbH & Co. KGaA.) 
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Table 2.1 A comparison of different parameters for the unit cells of various 
cellulose allomorphs
[22]
. (Reproduced with permission from Ref. 22. 












Cellulose I 0.821 1.030 0.790 83.3 
Cellulose II 0.802 1.036 0.903 62.8 
Cellulose III 0.774 1.030 0.990 58.0 
Cellulose IV 0.812 1.030 0.799 90.0 
 
Based on recent studies conducted by
 
synchrotron X-ray and neutron 
fibre diffraction, cellulose I is a mixture of the two polymorphs (Iα & Iβ), and 
the parameters of the unit cells of these two polymorphs are known 
[13, 16, 23, 24]
. 
The structures of Iα and Iβ are triclinic and monoclinic, respectively 
[13, 21]
. The 
lattice lengths a, b, and c of Iα are 0.596, 1.040, and 0.672 nm, and the lattice 
angles α, β, and γ are 114.80, 80.375, and 118.08 o, respectively [24]. The 
lattice lengths a, b, and c of Iβ are 0.820, 1.038, and 0.778 nm, respectively, 
and the lattice angle β is 96.3 o [16]. Native cellulose produced from bacteria 
and algae consists mainly of Iα, while native cellulose from ramie, cotton, and 
wood sources usually has a higher Iβ content 
[25, 26]
. Iα is metastable and can be 




The natural morphological structures (texture) of the cellulose fibres 
strongly depend on the cellulose sources, and can normally be described as a 
hierarchy of fibrous elements. The hierarchies of wood and flax are displayed 
in Figures 2.5 and 2.6 below, which show how cellulose fibres are organized 
according to wood and plants 
[28, 29]
. Their hierarchical structures span from 
nanoscopic dimensions to macroscopic dimensions, from a few nanometres to 




Figure 2.5 The hierarchical structure of wood with the dimensions 
[29]
. (© IOP 
Publishing. Reproduced with permission. All rights reserved.)  
 
Figure 2.6 The hierarchy of flax fibres with the dimensions 
[28]
. (Reproduced 
with permission from Ref. 28. Copyright (2006) Elsevier.)  
The different microfibril structures of the different cellulose sources 
are the result of the different configurations of the terminal enzyme  




different TC configurations are listed in Figure 2.7 below, and categorized into 
the two general structures (rosette and linear) 
[30]
. Each grey dot of a single 
configuration in Figure 2.7 represents an identical subunit, which has multiple 
catalytic sites and is capable of producing a cellulose minisheet. The minisheet 
is a cellulose chain, a layer of parallel stacked cellulose chains, or multiple 
layers of parallel stacked cellulose chains, depending on the number and 
arrangement of the catalyst sites inside the subunit 
[13]
. Figure 2.8 below 
illustrates how the TCs form a microfibril (wood): a TC subunit fabricates a 
layer of six paralleled cellulose chains bonded by van der Waals forces, and a 





Figure 2.7 Configurations of different terminal enzyme complexes (TCs) of  
(a) wood, plants, and green algae (Micrasterias) (6 chains/subunit), (b) green 
algae (Valonia) (10–12 chains/subunit), (c) red algae (Erythrocladia) (4 
chains/subunit), (d) yellow-green algae (Vaucheria) (1 chain/subunit), and     
(e) bacteria (Acetobacter) (16 chains/subunit) 
[13, 30, 31]
. Each grey circle 
represents a subunit. (Reproduced with permission from Ref. 13. Copyright 




Figure 2.8 The hierarchical structure of wood microfiber, from the                 
(a) terminal enzyme complex (TC) for synthesis from a mainsheet to the        
(b) elementary fibril (the assembly of 6 minisheets into an elementary fibre 
with dimensions approximately 3–5 nm), (c) microfibril cross-section 
(composed of 6 elementary fibrils, according to the modified Frey–Wysling 
model), and (d) microfibril lateral section (suggesting the arrangement of 
crystalline and amorphous regions) 
[13, 32]
. Each grey rectangle represents a 
cellulose chain. (Reproduced with permission from Ref. 13. Copyright (2011). 
Royal Society of Chemistry.) 
Table 2.2 The general characterization methods for the cellulose fibres 
[33]
.  
Parameter Characterization method 
Degree of crystallinity Wide-angle X-ray scattering 
(WAXS) 
13
C high-resolution CP-MAS   
solid-state NMR spectrum 
Inner surface area Water-vapor sorption 
Pore size/volume Mercury porosimetry 









Vapor pressure osmometry  
(low molecular mass) 
The weight-average 








(the values are similar 
to Mw/DPw, based on 
the Staudinger-Kuhn-
Mark-Houwink law) 
Viscosity measurements (widely 
used at commercial and laboratory 
scale) 
Molecular weight distribution Gel permeation chromatography (GPC) 
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The pore and void system contributes significantly to the inner surface 
area of the cellulose fibres. Furthermore, the inner surface area, 
supramolecular order, and fibril morphology strongly influence the 
accessibility of the cellulose, which is highly relevant to the various physical 
and chemical properties 
[15]
. Table 2.2 above lists the primary parameters of 




2.1.3 Recycled cellulose fibres 
The increase in paper consumption has been creating huge amounts of 
paper waste, which accounts for 25–40 % of global municipal solid waste [34]. 
In 2004 alone, 360 million tonnes of paper-related waste was generated 
worldwide. Moreover, paper and paperboard consumption will increase the 
amount of waste produced by 2.1% each year until 2020, which suggests that 
more than 500 million tonnes of paper waste can be expected in 2020 
[35]
. In 
addition, incineration or landfill of the paper waste could damage the 
environment further with toxic emissions and groundwater contamination.  
Recycling paper waste will help to preserve forests and solve the 
environmental problem. Therefore, it is important to recycle or convert this 
enormous amount of waste into useful products. Several efforts have been 
made to solve this problem. For instance, in 2010, 63% of paper waste was 
recycled in the US 
[36]
. Paper waste has also been investigated as a raw 
material for production of bioethanol, polymer precursors, particleboard       
etc. 
[34, 37, 38]
. Commercially, recycled paper is mainly converted into other 
paper commodities of lower quality grades than the original products 
[39]
. In 
addition, the maximum conversion rate from paper waste to other paper 
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products is only approximately 65% 
[39]
. This low conversion rate is due to the 
length degradation of the cellulose fibres during the recycling processes, 
which also compromises the quality of the end product 
[39]
. In addition, waste 
fibres of short lengths generated during recycling are discarded, since they are 
not suitable for further recycling 
[39]
. It is therefore necessary to develop 
alternative commodities from paper waste.  
The conversion of paper waste into recycled cellulose fibres is mainly 
a separation process, which removes the contaminants from the cellulose 
fibres 
[40]
. The floating, heavy, and stringy items of a repulper need to be 
removed during the pulping process 
[40]
. After this, screening (with coarse and 
fine screens) and removal of small contaminants such as plastic bits and glue 
globes is performed 
[40]
. The deinking process is then carried out to remove the 
ink, glue, and other adhesive residues 
[40]
. Later, the refining, colour-stripping, 
and bleaching processes are conducted, depending on the requirements of the 
end products 
[40]
. The benefit of such waste-paper recycling is the reduction of 
landfills and of the incineration of paper waste. However, the disadvantage of 
cellulose-fibre recycling is the dependency on the sorting of the paper waste 
(e.g. the separation of newspapers from magazines), which has a significant 
influence on the quality of the recycled cellulose fibres that are produced.  
Recycled cellulose fibres from paper waste are a cheap and abundant 
resource; the price of scrap paper was approximately $100/ton in 2015 
[41]
. A 
combination of aerogel structure and recycled cellulose fibre constitute a new 
material – called the recycled cellulose aerogel – which is cost-effective and 
has potential for oil absorption 
[42–44]
. The recycled cellulose aerogel and its 
silica composite aerogel can also potentially be used as thermal-insulation 
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materials for buildings 
[44]
. Therefore, all the practical applications developed 
by this thesis work may contribute to the recycling of paper-related waste.  
Although some studies have examined the use of cellulosic materials 
for oil absorption, none have covered the fabrication of aerogels from     
paper-waste cellulose fibres, and investigated the aerogels as absorbents for 
the cleaning of crude-oil spills 
[45–51]
. For this thesis, a fabrication procedure 
for making cellulose aerogels from paper-waste cellulose fibres was developed 
successfully, and the materials showed high absorption capacity for different 




The recycled cellulose fibre used for this study was donated by     
Insul-Dek Engineering Pte Ltd (Singapore) 
[42–44]
. The thermal conductivity of 
the recycled cellulose fibre was approximately 0.050 w/mK, and was 
measured with the heat-flow-meter method of ASTM C518-91, provided by 
their manufacturer 
[52]
. The density of the bulk recycled-cellulose fibre mass 
was approximately 0.15 g/cm
3 [52]
. As a result of the fire retardant, the recycled 
cellulose fibre was non-combustible in accordance with BS476 Part 4:1970 
[53]
. 
To measure the acoustic performance of the fibre mass, the fibres were applied 
to a solid backing with a thickness of 2.54 cm, achieving a noise-reduction 




2.2 Cellulose aerogels  
2.2.1 Synthesis of cellulose aerogels 
As mentioned in Section 2.1.1, natural cellulose sources could be wood, 
plants, tunicates, several species of algae, and some bacteria 
[13]
. According to 
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the previous literature, almost all the natural cellulose sources have been 
explored in the field of cellulose aerogels, with the exception of algae 
[54–57]
. 
Compared with plant cellulose sources, bacterial cellulose sources have 
advantages, such as high purity, high average molecular strength, and high 
fibre strength 
[57]
. However, harvesting bacterial cellulose fibres involves the 
production of cellulose, which is highly time-consuming. It usually takes 30 
days to produce a bacterial cellulose mass with a thickness of 3–4 cm [57]. In 
contrast, wood cellulose fibres can be produced at a large scale via            
well-developed-wood industry methods 
[46]
. For this research, recycled 
cellulose fibres were explored, and the reasons have been explained in detail 
in Section 2.1.3 above. The main goals of this research into recycled cellulose 
fibres are to help save the environment and to produce cost-effective  
cellulose-based aerogels.  
With regard to the size of cellulose fibres, the most popular type in the 
literature is cellulose nanofibres (CNFs), which can be fabricated by a wide 
variety of methods 
[45, 46, 54–56, 58–63]
. Mechanical methods, such as 
homogenization of wood pulp and ultrafine frication grinding of macroscopic 
cellulose fibres, can successfully fabricate CNFs 
[45, 46, 58, 64]
. Acid hydrolysis 
of cotton wool, as a chemical method, has also been proven to be workable 
[56]
. 
In addition, integrated approaches, such as acid pre-treatment combined with 
ultrasonication, and enzymatic hydrolysis combined with shearing and 
homogenization, have been advocated by several authors 
[55, 65, 66]
. CNFs can 
also be grown directly by the bacterial strain Acetobacter xylinum, using a 
culture mainly consisting of coconut and sucrose, instead of disintegrating 




However, CNFs have their disadvantages. The mechanical-based 
approaches are highly energy-consuming 
[67]
. Moreover, the acid treatments 
reduce the degree of polymerization and produce fibres with a low aspect ratio, 
due to the extensive hydrolysis 
[66]
. As a result, the acid treatments may lead to 
fragile cellulose aerogels 
[66]
. The fabrication processes of bacterial CNFs 
hinder the variation of cellulose concentration inside the cellulose hydrogels, 
which results in cellulose aerogels with an uncontrollable density 
[67]
. Hence, 
for this thesis, the popular CNF-based aerogels were not used, but cellulose 
aerogels with adjustable densities and better oil absorption capacities were 
successfully created.  
The common steps involved in the fabrication of cellulose aerogels are 
dissolution, gelation, coagulation, and drying. All these steps will be 
comprehensively discussed in their natural sequence. One of the major 
problems in the fabrication of cellulose aerogels is the insolubility of cellulose 
in most solvents. The insolubility of cellulose in nonpolar solvents is easily 
understandable, as cellulose is a considerably polar molecule with several 
hydroxyl groups 
[68]
. Traditional viewpoints hold that the insolubility of 
cellulose is due to the strong intermolecular and intramolecular hydrogen 
bonds, which are difficult to break by the solvents 
[69–71]
.  
Recently, Lindman et al. 
[68]
 claimed that cellulose is a significantly 
amphiphilic polymer, and the hydrophobic interactions contribute to the 
insolubility of cellulose in the aqueous solutions. More specifically, the flat 
ribbon structures of cellulose molecules formed by hydrogen bonding have 
sides of different polarities 
[72, 73]
. The hydrophobic sides tend to assemble 
together, which results in the low solubility 
[68]
. Moreover, the chain structure 
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of cellulose is inherently stiff due to the 
4
C1 conformation of 
anhydroglucopyranse units (AGUs) in cellulose. As a result, it is difficult for 
the cellulose to adjust its conformation to minimize the contacts between its 
hydrophobic side and water, which promotes the insolubility 
[68]
.  
The solvent systems for cellulose have been divided into derivatizing 
and non-derivatizing solvent systems 
[68]
. The non-derivatizing solvent 
systems are preferred, since the final products are without chemical changes. 
A lithium chloride (LiCl)/dimethylacetamide (DMAc) solvent system can 
dissolve cellulose with a wide range of molecular weight (DPn: 100–4000), 
and the resulting solutions are colourless and homogeneous 
[68, 74]
. However, 
the LiCl/DMAc solvent system needs to work at a temperature of 150 
o
C to 
swell the cellulose, and requires an activation step 
[75]
. During the dissolution 
process, the Cl
-
 is bonded with the activated cellulose hydrogen, and the 
anhydrous Li
+
 is considered to associate with the carbonyl-oxygen of DMAc. 
When the temperature of the systems decreases, the thermal movement is 




Ionic liquids (ILs) are miscible with water, non-explosive, and        
non-volatile. However, their high viscosity, reactivity, and toxicity, and 
relatively high cost are their shortcomings 
[68]
. Moreover, the dissolved 
amount of cellulose inside ILs is quite limited (up to 3%), and the cellulose 
needs to have a low molecular weight. Heavy degradation of cellulose is 
sometimes observed during cellulose dissolution in ILs 
[76]
. According to 
Lindman et al. 
[68]
, the successful dissolution of cellulose inside ILs is because 
of the fact that both ILs and cellulose are amphiphilic.  
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The N-methylmorpholine N-oxide (NMMO) dissolution system does 
not generate hazardous by-products 
[77]
. High-molecular cellulose can also be 
dissolved inside the NMMO solution to form a clear solution. However, the 
NMMO solution system only works at optimal parameters, such as limited 
temperature and NMMO concentration range, and requires a relatively high 
temperature. Moreover, recycling NMMO from the diluted solutions incurs 
high energy costs 
[68]
. As a relatively strong oxidant, NMMO solutions 
become unstable above 130 
o
C, and thus spontaneous and uncontrollable 
blasts or exothermic events may occur 
[68, 78]
. When propyl gallate serves as 
the stabilizer, it is difficult to remove the coloured side products from 
oxidation and degradation 
[78, 79]
. The dissolution of cellulose inside NMMO 
has two main steps. In the first step, when the system is heated to 100 
o
C, the 
NMMO molecules become mobile and the crystalline celluloses transform to 
an amorphous state 
[74]
. When the system temperature is subsequently elevated 
to 150 
o
C, the NMMO begins to bond to the cellulose that replaces the     
water 
[74]
. With regard to amphiphilicity, the solubility of cellulose in NMMO 
systems is due to the amphiphilic property of NMMO 
[68]
.  
The alkali/urea (urea derivatives) solution systems have become 
popular in recent years 
[7, 54, 80–84]
. In this thesis, one of the dissolution methods 
is the application of a NaOH/urea aqueous solution. The NaOH/urea solutions 
have the advantages of low cost and relative non-toxicity. The alkali hydrates 
and urea hydrates penetrate the cellulose and break the hydrogen bonding at 
low temperature. During this process, some of the NaOH hydrates bond to the 
cellulose, as confirmed by differential scanning calorimetry (DSC) and nuclear 
magnetic resonance (NMR) 
[80]
. Urea hydrates (the lone-pair electron on the 
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oxygen atom of urea) act as hydrogen-bonding donors and receptors to help 
the cellulose units keep some distance from each other 
[80]
. Lindman et al. 
[68]
 
also believe that urea, as a cosolute, serves to weaken the hydrophobic 
interactions. However, the Kymene approach used for this thesis does not 
require any solvent systems, which further simplifies the fabrication process of 
cellulose aerogels. The Kymene approach utilizes mechanical energy 
(sonication) to disperse the cellulose fibres uniformly and help the reformation 
the of hydrogen bond 
[55, 56]
.  
In the gelation step, cellulose-based gels are formed. This step usually 
involves changing the temperature of the cellulose solution/suspension 
systems 
[85]
. For the 7 wt. % NaOH/12 wt. % urea solution bath, the gelation 
processes can be fulfilled either by lowering the temperature to -20 
o
C or by 




. According to Cai et al. 
[82]
, the 
stability of the cellulose solution is destroyed by the temperature change. 
Because of the temperature change, the strength of the hydrogen bonds 
between the cellulose and the solvent are weakened 
[82]
. As a result, the      
self-association tendency leads to the formation of intra- and intermolecular 
hydrogen bonds in the cellulose, which leads to gelation 
[82]
. Without any 
temperature changes, the sonication methods cause the cellulose       
nanofibres (CNFs) in water to undergo gelation, as has been reported 
[55, 56]
. 
Heath et al. 
[56]
 have suggested that the low-power sonication processes supply 
the cavitation energy in the same order of the hydrogen bonds, which helps the 
cellulose hydrogel formation. In the case of high-power sonication, the 
sonication processes could disturb or destroy the hydrogen bonds between the 
cellulose fibres. After the sonication, the hydrogen bonds could reform 
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uniformly to construct the cellulose hydrogels. Similarly, a CNF hydrogel can 
also be formed by the ultrafine fraction grinder treatments 
[58]
. However, the 
bacterial cellulose hydrogels are fabricated directly by the bacteria inside the 
cultures, without requiring any further treatments 
[61]
.  
Coagulation is one of the crucial steps in the synthesis of cellulose 
aerogels 
[63]
, and the coagulation process usually takes several hours to several 
days 
[54, 57, 59, 75, 76]
, mainly depending on the thickness of the gels. For most 
cases, coagulation is achieved by immersing the cellulose hydrogels inside the 
regeneration baths. However, this step is difficult to identify in some situations, 
because of the difficulties in distinguishing it from the pre-drying         
solvent-exchange step or gelation step 
[56, 63]
. In fact, some of the           
solvent-exchange processes could serve the function of coagulation, and some 
of the regeneration baths could serve as pre-drying solvent-exchange liquids. 
The regeneration and gelation of cellulose could also be achieved together, 
with one bath 
[63]
.  
The regeneration baths have a wide variation, mainly depending on the 
nature of the cellulose solvent systems. For the ionic-liquid (IL) solvent 
systems, the regeneration bath could be water, ethanol, or acetone 
[67]
. For the 
N-methylmorpholine N-oxide (NMMO) solvent systems, the regeneration bath 
could be water, ethanol, isopropanol, hexanol, and dimethyl                
sulfoxide (DMSO) 
[76, 86–88]
. Schimper et al. 
[87]
 have claimed that the less 
polar regeneration baths, such as isopropanol and hexanol, are better than their 
more polar counterparts, such as water and ethanol. The less polar 
regeneration baths yield the rigid shape and high porosity of the resulting 
cellulose aerogels 
[87]
. In addition, increasing the temperature of the 
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regeneration baths could effectively reduce the cracks of the cellulose aerogels 
[87]
. The regeneration bath for the NaOH aqueous solutions could be water or      
ethanol 
[86, 88]
. For the NaOH/urea solvent systems, as reported, the 
regeneration bath could be water, ethanol, n-propanol, acetone, H2SO4 
aqueous solutions, and NH4Cl aqueous solutions 
[54, 89]
.  
The mechanisms of the coagulation of the cellulose from the 
alkali/urea solvent systems are discussed in depth because of their great 
relevance to this thesis. The coagulation processes of these systems are 
dominated by the counter-diffusion process (a two-phase separation      
process) 
[89]
. During this process, the regeneration bath components diffuse 
inside the cellulose solution, while the solvents of the cellulose solution 
diffuse into the regeneration bath 
[89]
. To enable this counter-diffusion process, 
the regeneration baths must be miscible with NaOH/urea aqueous solutions, 
and be the cellulose precipitant. Zhang et al. 
[89]
 confirmed the              
counter-diffusion theory by experiments. They observed that the thicknesses 
of the coagulation layers were proportionally correlated with the square root of 
time in the non-reactive regeneration baths (water, ethanol, and n-propanol), 
which follows Fick’s law [89]. For the H2SO4 and NH4Cl aqueous regeneration 





 in the cellulose solvents and the H
+
 in the 
precipitants undergo a neutralization reaction, which results in a more rigid 
coagulation skin with a slightly higher rate of coagulation, compared with a 






Figure 2.9 The coagulation process of the alkali/urea solution, investigated by 
synchrotron-radiation X-ray. The coagulation process began as the polar 
regeneration solution surrounded the cellulose. After being surrounded, the 
cellulose molecules tended to hide the hydrophobic glucopyanoside ring 
planes, which led to the aggregation of the cellulose molecules. With the 
aggregation, the cellulose molecules formed stacked monomolecular sheets, 
promoting the development of hydrogen-bonded aggregation 
[81]
. The (1 1 0) 
plane suggests the lattice spacing of the hydrophobically stacked             
mono-molecular sheet, while the (0 2 0) plane implies the lattice spacing 
transverse to the ring plane of the cellulose molecules inside the        
hydrogen-bonded aggregation 
[81]
. (Reproduced with permission from Ref. 81. 
Copyright (2012). Elsevier.) 
The gelation and coagulation processes were analytically studied by 
Isobe et al. 
[81]
 using a synchrotron-radiation X-ray. The coagulation process 
(regeneration solutions: 5 wt. % Na2SO4 aqueous solution; dissolution solvent 
systems: 4.6 wt. % LiOH/15 wt. % urea aqueous solution) began with the 
polar regeneration solutions surrounding the cellulose 
[81]
. The cellulose 
tended to hide the hydrophobic glucopyanoside ring planes, which led to the 
aggregation of the cellulose 
[81]
. With the aggregation, the cellulose molecules 
formed stacked monomolecular sheets; this was observed by a (1 1 0) peak 
[81]
. 




. As a consequence of the hydrogen bonding, the monomolecular 
sheets lined up, which was observed by a (0 2 0) peak 
[81]
. The coagulation 
process is schematically shown in Figure 2.9 above. The heat-induced gelation 
showed an X-ray profile similar to that of the coagulation process 
[81]
. 
However, the peaks were much weaker, indicating a limited crystalline     
order 
[81]
. These phenomena might be explained by the more random 
association of cellulose induced by the enhanced thermal motion 
[81]
.  
Supercritical drying is associated with higher costs than freeze drying, 
due to the high pressure and supercritical carbon dioxide involved 
[66]
. The 
Brunauer–Emmett–Teller (BET) surface areas of the freeze-dried cellulose 
aerogels (80–160 m2/g) were much lower than those of the supercritical dried 
samples (200–220 m2/g), although both processes were applied to the same 
cellulose gels 
[85]
. The same cellulose hydrogel could form a rigid structure 
with supercritical drying, as opposed to a fissured and partially broken 
structure with freeze drying 
[85]
. Hence, freeze drying requires cellulose gels 
with higher integrity and strength. However, freeze drying is also considered a 
safer and much more cost-effective drying method than supercritical drying 
[90]
 
because of the availability and maturity of the relevant industrial knowledge, 
and the preclusion of supercritical carbon dioxide. The cellulose aerogels for 
this thesis had rigid structures after freeze drying, proving their high integrity 
and strength.  
The general freeze-drying processes are discussed comprehensively in 
Section 1.1.2. In this section, only the most relevant information for   
cellulose-aerogel fabrication is presented. During the pre-drying step,     




the liquid-nitrogen treatments might only be suitable for thin samples (e.g. 
membranes). Non-uniformity has been observed with the bulk cellulose 
aerogels: the outside layers had a smaller pore size and a more compacted 
structure than the inner layers 
[64]
. This phenomenon might result from the 
faster freezing rate of the outside layers of the cellulose hydrogels than the 
inner layers, due to the formed ice crystals hampering the heat transfer 
[64]
. 




Film-like structures have been observed in several freeze-dried 
cellulose samples 
[54, 55, 59, 60]
. These film-like structures might be formed by 
the fine cellulose fibres that are expelled by the growth of the large ice crystals 
during the slow cooling processes 
[59, 60, 66]
. An interesting alternative to water 
freeze drying is tert-butanol freeze drying. Tert-butanol has a weaker surface 
tension, which might lead to larger surface areas, smaller pores, and more 
rigid structures of the cellulose aerogels 
[62]
. However, the toxicity of          
tert-butanol is higher than that of water, and the pre-requirements of the tert-
butanol solvent exchanges are time-consuming and expensive. The processes 
of cellulose-aerogel synthesis described in the literature so far consume a large 
amount of chemicals. The processes are not favourable in industrial-scale 
production, as they will damage the environment and increase the cost. 
Moreover, the synthesis of cellulose aerogels with an industrial size has not 
been attempted. 
 
2.2.2 Properties of cellulose aerogels 
2.2.2.1 Morphologies and hydrophobicity of cellulose aerogels  
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The morphologies (density, porosity, and BET surface area) of 
cellulose aerogels vary widely. Extensive acid-treated cellulose fibres with a 
width of 2–4 nm could form a hydrogel with a cellulose content of 0.1 wt. %, 
and after drying, a cellulose aerogel with a density as low as 0.0013 g/cm
3
 
could be fabricated 
[55]
. The tunicate cellulose aerogels with a density of 
0.01g/cm
3
 and a BET surface area of 481 m
2
/g can be fabricated from a 
cellulose solution with a 0.5 wt. % cellulose fibre concentration 
[54]
. Cellulose 
aerogels with densities of 0.01–0.06 g/cm3 and BET surface areas of         




Obtained by a similar approach to that of the tunicate cellulose aerogel 
synthesis, the filter paper pulp cellulose aerogels (1–7 wt. % cellulose content 
in the dissolved solutions) have densities ranging from 0.03 to 0.14 g/cm
3
 and 




. Bacterial cellulose 
aerogels with an average density of 0.08 g/cm
3
 and a BET surface area of 
approximately 200 m
2
/g are produced 
[57]
. Cellulose aerogels with densities of 
0.12–0.35 g/cm3 are fabricated from LiCl/DMAc solution (cellulose      
content: 5–20 wt. %) [75]. Almost all the reported porosities of the cellulose 
aerogels are calculated from the densities, which are always higher than 98%. 
The lowest reported BET surface area of a cellulose aerogel is 20 m
2
/g, with a 




, while the highest reported BET surface area of a 
cellulose aerogel is 605 m
2
/g, and its corresponding cellulose hydrogel was 
fabricated by a low-power sonication method using CNFs 
[56]
.  
Hydrophilicity is an inherent property of cellulose materials, due to the 
hydroxyl groups. However, the sorbent materials that can clean oil spills 
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should be hydrophobic and oleophilic, so as to absorb oil rather than seawater. 
Moreover, thermal-insulation materials in buildings should not absorb 
moisture, as it will increase the thermal conductivity of the materials. This 
implies that hydrophobicity is also a requirement for thermal-insulation 
materials. Hence, for cellulose aerogels to be used in oil-spill cleaning and 
thermal insulation, the cellulose aerogels should be modified to be 
hydrophobic materials.  
According to the literature, researchers have used several methods to 
hydrophobize the surface of cellulose materials. The graft-copolymerisation 
method employs by atom-transfer radical polymerization of glycidyl 
methacrylate (GMA) and other chemical modifications, which results in a 




. Surface silylation by 
chlorodimethyl isopropylsilane (CDMIPS) involves multiple steps of solvent 
exchange and chemical reactions in an argon atmosphere 
[92]
. Similarly, 
surface esterification by pentafluorobenzoyl chloride requires a multiple-step 
solution-immersion process and a nitrogen atmosphere 
[93]
. Cellulose fibre can 
be coated with five layers of titanium film via a complicated sol-gel process, 
and further modified with octyltrimethoxysilane (OTMS) via a            





. All these methods require multiple-step processes, expensive 
equipment, or excess chemicals.  
Recently, a number of new hydrophobization methods have been 
developed for cellulose aerogels. Korhonen et al. 
[46]
 applied atomic layer 
deposition (ALD), using titanium isopropoxide as the titanium precursor and 




Interestingly, a photoswitchable titanium dioxide–coated surface has been 
successfully developed by a chemical vapour deposition (CVD) method using 
titanium isopropoxide vapour 
[60]
. The CVD process was conducted at a 
temperature of 190 
o
C and a pressure of 1–5 KPa for 2h [60]. After the coating 
was applied, the water contact angle of the cellulose aerogel was 140
o
, and UV 
illumination could have changed the hydrophobicity back to hydrophilicity 
[60]
. 
However, the water contact angle of the UV illuminated sample recovered to 
135
o
 after two weeks of dark treatment 
[60]
.  
Jin et al. 
[58]
 used a simplified CVD method involving a bottle-in-bottle 
approach. In this approach, an open vial containing a small amount of 
fluorosilanes (FTCS) and the pre-coated samples was put inside a bigger 
airtight container 
[58]
. The coating system was heated to 70 
o
C for 2h, followed 
by vacuum drying of the coated samples 
[58]
. The resulting cellulose aerogels 
had a water contact angle of 160
o
, a paraffin-oil contact angle of 153
o
, and a 




. Moreover, the droplets were pinned at 
tilted angles, demonstrating high adhesive superhydrophobic properties and 
high adhesive superoleophobic properties 
[58]
. A modified version of this 
approach was adopted for this thesis, due to its high efficiency, low cost, and 
simplicity. However, the coating chemical FTCS was not suitable for this 
thesis, because the research aims of this thesis required the aerogels to have 
oleophilic properties.  
The stability of the hydrophobic coatings is crucial for industrial 
applications. For an illustrative example of the stability issue, the 
pentadecafluorooctanoyl chloride–coated cellulose surface exhibited a water 
contact angle of 150
o
 immediately after modification, while the water contact 
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angle decreased to 128
o
 in 20 minutes and below 90
o
 in 50 minutes 
[91]
. 
However, only a few reports have addressed the stability issue. In this thesis, 
the stability of the hydrophobic coating of the cellulose aerogels over a five-
month time span will be explored and documented.  
 
2.2.2.2 Absorption properties of cellulose aerogels 
The water sorption capacities of cellulose aerogels have been studied 
by a few groups. Uncoated cellulose aerogels with a density of 0.03 g/cm
3
 and 
a water sorption capacity of 35 ± 2 g/g were synthesized by Kettunen et al. 
[60]
. 
Zhang et al. 
[64]
 fabricated cellulose aerogels with a water sorption capacity of 
98 g/g and demonstrated their reusability. Cellulose aerogels fabricated by 
Chen et al. 
[55]
 had densities of 0.0013–0.017 g/cm3 and water absorption 
capacities ranging from 54 to 155 g/g. For comparison, commercial cellulosic 
pulp and commercial super-absorbents (sodium polyacrylate polymer) have 
water absorption capacities of approximately 1.5 and 172 g/g, respectively 
[95]
. 
The water absorption capacity of commercial cellulosic pulp is lower than that 
of cellulose aerogels, while the water absorption capacity of commercial 
super-absorbents is slightly higher than that of cellulose aerogels 
[55, 60, 64, 95]
.  
Hydrophobic and oleophilic cellulose aerogels have been successfully 
synthesized, and their oil spill–cleaning abilities explored [42–44].         
Korhonen et al. 
[46]
 prepared cellulose aerogels with densities of                
0.02–0.03 g/cm3; the maximum absorption capacity of the paraffin oil was    
40 g/g. The cellulose aerogel containing oil could float on the water surface 
without releasing the oil 
[46]
. The reusability of the cellulose aerogels was 
demonstrated by an immersion–drying method: after the aerogel absorbed the 
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oil, the aerogel was immersed in an organic solvent, such as ethanol or octane, 
and subsequently dried 
[46]
. This process was repeated 20 times without a 
significant decrease in absorption capacity and dry weight 
[46]
. A similar 
hydrophobic and oleophilic cellulose-based aerogel with an oil sorption 
capacity of 45 g/g was obtained by Cervin et al. 
[45]
. According to the literature, 
the oil sorption capacities of hydrophobic cellulose aerogels are low compared 
with the water absorption capacities of hydrophilic cellulose aerogels. 
However, the absorption capacities of cellulose aerogels are still higher than 
those of commercial polypropylene fibrous mats (approximately 10 g/g) 
[96–100]
.  
For this thesis, an oil sorption capacity of 95 g/g for cellulose aerogels 
was achieved, which is comparable to the water absorption capacities for 
cellulose aerogels mentioned in the literature 
[42]
. Various authors have tested 
the absorption capacity of cellulose aerogels with water or light oils other than 
crude oil, which is the main substance in oil spills in the sea 
[45, 46]
. Moreover, 
studies of the absorption rate, which is important in determining the efficiency 
of the absorbent, of cellulose aerogels are not available in the literature.  
 
2.2.2.3 Thermal properties of cellulose aerogels  
The thermal conductivities of cellulose aerogels are between 0.0295 
and 0.033 W/mK 
[90, 101]
, and are comparable to those of conventional thermal-
insulation materials, such as cork (0.043 W/mK), polyurethane  foams (0.02-
0.04 W/mK), and silica aerogels (0.026 W/mK) 
[102]
. The low thermal 
conductivities are due to the porous structure of the cellulose aerogels. 
The cellulose aerogels start degrading at temperatures ranging from 
270 to 330 
o
C, according to various reports 
[55, 64, 103, 104]
. The cellulose 
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aerogels fabricated from microsize and nanosize cellulose fibres have a 
decomposition temperature of 303.8 
o
C, compared with 327.9 
o
C for the   
pulp-fibre cellulose aerogels fabricated with the same synthesis method 
[64]
. 
This decrease in decomposition temperature is due to the high specific surface 
area of the cellulose aerogels fabricated from microsize and nanosize cellulose 




2.2.2.4 Mechanical properties of cellulose aerogels  
The mechanical properties of cellulose aerogels, such as the tensile, 
compressive, and flexible properties, are discussed below. An interesting 
mechanics-related property of the cellulose aerogel membrane synthesized by 
Jin et al. 
[58]
 is that the membrane, with a diameter of 19 mm and a weight of  
3 mg, could support 960 or 1658 mg of weight on oil and water, with a dimple 
of 2.7 or 3.7 mm respectively.  
The only reported tensile properties of unmodified cellulose aerogels 
are from the aerogels synthesized by Cai et al. 
[54]
 via an alkali/urea 
dissolution method. The tensile Young’s moduli and the breaking strengths of 
those aerogels were approximately 200–300 MPa and 10–20 MPa, 
respectively 
[54]
. The magnetic paper synthesized from magnetic   
nanoparticle-enhanced bacterial cellulose aerogels had a tensile modulus and 
strength of 3GPa and 25 MPa respectively 
[61]
.  
With regard to the compressive properties, the bacterial cellulose 
aerogels had a compressive modulus of 0.15 MPa, a collapse stress of 0.04 
MPa, and a maximum strain of more than 90% 
[61]
. The good mechanical 
properties of the bacterial cellulose aerogels were due to the bacterial cellulose 
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fibres involved. The CNF aerogels synthesized from the tert-butanol freeze 
drying had compressive moduli of 35–2800 KPa and compressive strengths of 
3.2–238 KPa [62]. These CNF aerogels could be compressed to more than 80% 
strain without yield points being detected, and with energy absorptions of 
10.8–720 KJ/m3 observed [62]. The high mechanical strengths of the CNF 
aerogels were a result of the high mechanical strength of the raw cellulose 
nanofibres 
[62]
. With the enzymatic treatments and mechanical shearing, the 
resultant CNF aerogels showed linear compressive behaviour (up to a strain of 
approximately 40%), and had a maximum compressive strength of 
approximately 200 KPa 
[66]
. The CNF aerogels achieved a maximum 
compressive strain of 70% 
[66]
. These two types of CNF aerogels mentioned 
above had similar mechanical properties, due to the similar size of the 
cellulose fibres and the similar enzymatic treatments involved. The CNF 
aerogels synthesized from the hydrated calciumthiocyanate (Ca(SCN)2·4H2O) 
solution had a 2 MPa elastic bending strength at a 6% pseudo-elastic 
deflection, and were fabricated by supercritical drying, as freeze drying would 
have made them brittle 
[85]
. This phenomenon could be explained by the large 
pore and fibre sizes caused by freeze drying. For the high-density cellulose 
aerogels (0.12–0.35 g/cm3), the maximum flexural strength and stiffness were 
8.1 and 250 MPa respectively 
[75]
, and the improved mechanical strength was 
due to the high density 
[105]
.  
Most cellulose aerogels are brittle and dusty, and in industrial usage, 
high flexibility is a desired property, as cellulose aerogels with high flexibility 
are convenient to store, transport, and use for various applications, such as  
oil-spill cleaning and thermal insulation. Thicker aerogels can also absorb 
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more solvents and provide a better insulation effect due to their large volume 
and thickness, which is also highly desirable. There are a few examples of 
successfully synthesized flexible cellulose aerogels in the literature 
[55, 61, 64, 66]
, 
although their thicknesses are rather limited. General descriptions of selected 
cases are given here. A 0.25 mm–thick cellulose composite aerogel with 
cobalt ferrite (CoFe2O4) embedded in it could be bent 180
o
 without apparent 
damage 
[7]
. Similarly, bacterial cellulose composite aerogels with cobalt ferrite 
nanoparticle embedded in them were also found to be quite flexible, although 




Besides magnetic cellulose composite aerogels, some pure cellulose 
aerogels have also been demonstrated to be flexible. A 1 mm–thick cellulose 
aerogel fabricated by Pääkkö et al. 
[66]
 could be folded into a loop. A CNF 
aerogel treated with acid and low-power ultrasonication, with a thickness of 
5.9 mm, withstood repeated bending without significant structural changes 
[55]
. 
Zhang et al. 
[64]
 produced a highly flexible cylindrical cellulose aerogel, which 
could be bent without cracking. However, the exact thickness of this flexible 
cylindrical cellulose aerogel was not given, and other structural damage, such 
as plastic deformation, might have resulted from the bending. Highly flexible 
cellulose aerogels with large thicknesses will be discussed in this thesis.  
 
2.3 Silica–cellulose aerogels 
Silica–cellulose aerogels, as inorganic–organic composite materials, 
have received considerable attention in recent years 
[90, 101, 103, 104, 106]
. The 
silica modification of the cellulose materials improves the mechanical and 
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thermal properties of the materials 
[90, 101, 103, 104, 107]
, which has great potential 




2.3.1 Synthesis of silica–cellulose aerogels 
Silica–cellulose aerogels have been fabricated from a wide range of 
cellulose sources, such as fibrous native cellulose, microcrystalline cellulose, 
cellulose powder, bacterial cellulose, and cotton linter 
[90, 101, 103, 104, 106]
. 
However, silica–cellulose aerogels fabricated from recycled cellulose fibres 
had not been reported when the synthesis approach for this thesis was initiated. 
The main silica precursors to silica–cellulose aerogels are tetraethyl 
orthosilicate (TEOS) and polyethoxydisiloxane (PEDS: the pre-polymerized 
oligomers of TEOS) 
[90, 101, 103, 104, 107]
. 3-chloropropyltrimethoxysilane CPTMS) 
and sodium silicate have also been reported as silica precursors to            
silica–cellulose aerogels [104, 106]. However, attempts to create 
methyltrimethoxysilane (MTMS)-based silica–cellulose aerogels have not yet 
been made. The main advantage of silica–cellulose aerogels fabricated from 
an MTMS precursor is the potentially inherent hydrophobic property 
[108]
.  
Silica-embedded cellulose aerogels are created by immersing the 
cellulose gels in solvents containing the silica precursors 
[90, 101, 103, 104, 107]
. The 
silica precursors and the catalysts are separated in some cases, as described 
below 
[101, 103]
. The cellulose gels are first immersed inside the silica-precursor 
solutions, and then soaked in the catalyst solutions to enable the gelation of the 
silica 
[101, 103]
. However, some researchers mixed the silica precursor and the 
silica gelation catalyst together in one solution, and immersed the cellulose gel 
in the solution 
[90, 104, 107]
. The differences in the properties, such as 
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morphology, thermal, and mechanical properties, of the silica–cellulose 
aerogels produced by these two approaches are not significant 
[90, 101, 103, 104, 107]
. 
Some later procedures simplified the process and reduced the synthesis time, 
which is considered more advantageous. Hence, this thesis work used a silica 
precursor and catalyst mixtures as the impregnation solvents.  
One type of modification of the gel-impregnation processes is directly 
immersing the cellulose aerogels in solutions containing the silica     
precursors 
[90]
. This approach seems to be inefficient because the dryings need 
to be done twice. However, if the cellulose aerogels are commercial products 
with a reasonable cost, it will be much easier and more convenient to handle 
the commercial cellulose aerogels than the commercial cellulose gels at 
industrial scale, as the aerogels are in the dry state. Moreover, this        
aerogel-based approach of silica–cellulose aerogel fabrication could 
significantly reduce the silica-impregnation duration, because the diffusion 
rates in the aerogels are higher than in the gels. However, this approach has 
only been attempted by Sai et al. 
[90]
, with no justification given. In this thesis, 
the cellulose aerogel–based impregnation approach of silica–cellulose aerogel 
fabrication will be explored further.  
Demilecamps et al. 
[106]
 used inorganic sodium silicate as the silica 
precursor, and used a mixed aqueous solution of cellulose, sodium    
hydroxide (NaOH), and sodium silicate (Na2SiO3) during the synthesis. 
Although the immersion process was eliminated, the fabrication process was 
prolonged. This prolongation was because the formation of silica from the 
Na2SiO3 requires the renewal of the acid baths several times, and the removal 




Most silica–cellulose aerogels are synthesized by supercritical drying 
methods 
[101, 103, 104, 106]
. Sai et al. 
[90]
 applied freeze drying that involved a   
tert-butanol and water mixture instead of pure water. Shi et al. 
[107]
 
successfully used the freeze-drying (pure water–based) method to fabricate 
silica–cellulose aerogels, but the silica loadings of these silica aerogels were 
relatively low (up to 16%). Silica–cellulose aerogels with a high silica loading 
could be more thermally stable, as the silica component tends to degrade at a 
high temperature 
[108]
. The advantages of water-based freeze drying have been 
comprehensively discussed in Section 1.1.2 and Section 2.2.1. However, 
monolithic silica–cellulose aerogels with a high silica loading (more than 50%) 
and fabricated by pure water–based freeze drying have not yet been reported 
elsewhere.  
 
2.3.2 Properties of silica–cellulose aerogels 
Hydrophobicity can help materials withstand moisture, which 
contributes to the stability of their thermal-insulation performance 
[107]
. To 
improve the hydrophobicity of silica–cellulose aerogels, a multi-step approach 
was taken by Sai et al. 
[90]
. First, a mixture of MTMS, methanol, and oxalic 
was obtained, and after 24 h the dilute ammonia was added to the bath 
[90]
. The 
silica–cellulose aerogels were immersed in the bath for 30 min, then aged for 
24 h 
[90]
. The aged composites then underwent solvent exchange with a 
water/tert-butanol mixture 
[90]
. Finally, the composites were freeze-dried 
[90]
. 
With this approach, a water contact angle of 133
o
 for the silica–cellulose 
aerogels was achieved 
[90]
. However, this approach requires a large number of 
chemicals, and is highly time- and energy-consuming. Shi et al. 
[107]
 used a 
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different approach to modify the surface of the silica–cellulose aerogels with 
CCl4 cold plasma. The plasma is produced by gas ionization, and the large 
number of active particles both chemically and physically modify the surface 
material of the silica–cellulose aerogels, which results in a water contact angle 
of 132
o
 for the silica–cellulose aerogels [107]. The main disadvantages of this 
approach are the expensive equipment and complicated technique.  
The thermal conductivities of silica–cellulose aerogels have been 
studied by various research groups. Cai et al. 
[103]
 reported that the thermal 
conductivity of silica–cellulose aerogels increased from 0.025 to 0.045 W/mK 
when the density of the composite increased from 0.14 to approximately      
0.6 g/cm
3
. This observation could be explained by the improved phonon 
conduction via the solid backbone of the aerogels with high density 
[109]
.      
Shi et al. 
[107]
 synthesized a silica–cellulose aerogel with a thermal 
conductivity of 0.026 W/mK, which is similar to the findings of Cai et al. 
[103]
. 
Demilecamps et al. 
[101]
 fabricated a silica–cellulose aerogel with a thermal 
conductivity of approximately 0.027 W/mK, while the thermal conductivities 
of its silica and cellulose counterparts were 0.015 and 0.033 W/mK, 
respectively. The thermal conductivity of the silica–cellulose aerogels was 
therefore between those of its silica and cellulose counterparts; this was 
because the silica aerogels were partially filling the macropores of the 
cellulose matrix, and because of the increased density of the composite 
[101]
. 
Sai et al. 
[90]
 observed that the thermal conductivity of the composite increases 
from 0.0295 to 0.0368 W/mK with the increased density, which is similar to 




The thermal stability of silica–cellulose aerogels is slightly better than 
that of their cellulose counterparts 
[103, 104]
. Litschauer et al. 
[104]
 observed that 
the cellulose degradation temperature shifted from 270 
o
C for the cellulose 
aerogels to 282 
o
C for the silica–cellulose aerogels. Similarly, Cai et al. [103] 
found that the silica embedment stabilized the cellulose aerogels, as the 
differential thermal analysis (DTA) peaks were at 318 and 346 
o
C before and 
after the silica embedment, respectively. These observations could possibly be 
explained by the interactions between the cellulose and silica components at 
high temperatures, and the reduced exposure surface of the cellulose fibres due 
to the silica-particle coverage.  
The silica embedment is considered an effective way to enhance the 
mechanical properties of cellulose aerogels, as the mechanical properties of 
silica–cellulose aerogels are significantly improved with its addition, which is 
not the case for their counterparts (pure cellulose aerogels and silica     
aerogels) 
[90, 101]
. For example, the compressive Young’s modulus was 
approximately 11.5 MPa for the silica–cellulose aerogels synthesized by 
Demilecamps et al. 
[101]
, while those for the cellulose aerogels and the silica 
aerogels were 2.8 and 1.8 MPa, respectively 
[101]
. The increase in the modulus 
could be explained by the increase in density 
[101]
. Moreover, the compressive 
strain of the silica–cellulose aerogel could reach up to 60% without the aerogel 
breaking down into pieces 
[101]
, possibly due to the interconnected cellulose 
matrix.  
In another demonstration, Sai et al. 
[90]
 fabricated silica–cellulose 
aerogels with the compressive Young’s modulus ranging from 1.23 to        
16.9 MPa, and the modulus increased with the silica loading (65–97 wt. %). 
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For comparison, the bacterial cellulose aerogel had a modulus of 0.27 MPa, 
and the silica aerogel was brittle without a monolithic form 
[90]
. According to 
the authors, the increase in the modulus was due to the inorganic silica 
network, which supports the cellulose matrix to withstand the compressive 
pressure 
[90]
. Moreover, no breakpoint for these silica–cellulose aerogels was 
observed under compression when the silica loading was lower than           
95.5 wt. %. 
[90]
. This observation could possibly be explained by the flexible 
cellulose matrix, that restricts the silica components, interconnected by a large 
amount of hydrogen bonds 
[90]
.  
However, a softening effect was also observed by Cai et al. 
[103]
; for 
example, the tensile and compressive modulus decreased from 72 and 12 MPa 
for the cellulose aerogel to 10.8 and 7.9 MPa for the silica–cellulose aerogel, 
respectively. This softening effect could have been the result of poor 
integration between the cellulose and silica components.  
The fabrication of cellulose-based aerogels with recycled cellulose 
fibres from paper waste has not yet been attempted in the literature. The 
dissolution and coagulation processes of cellulose aerogel synthesis are    
time-consuming and generate a large amount of chemical waste, which should 
be avoided in the industrial development of cellulose aerogels. The efficient 
method of improving the hydrophobicity of cellulose aerogels developed by 
Jin et al. 
[58]
 cannot be applied directly due to the resultant superoleophobic 
properties of the aerogels, and the method needs to be modified for aerogels in 
oil spill–cleaning applications. The crude-oil absorption properties and the oil 
absorption kinetics of cellulose aerogels have not been investigated in the 
literature.  
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The inherently superhydrophobic silica–cellulose aerogels derived 
from the MTMS precursor are worth more attention. The method of 
developing silica–cellulose aerogels with a high silica loading (>50%) from 
the direct immersion of cellulose aerogels inside the silica precursor solutions 
and water-based freeze drying is also of interest. The experimental part of 
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CHAPTER 3: Experiments 
 
This chapter presents information about the raw materials, the 
fabrication approaches, and the characterization methods used for this thesis. 
After the raw materials are listed, the fabrication approaches of recycled 
cellulose aerogels using both a sodium hydroxide–urea aqueous solution and a 
Kymene binder will be discussed. Following the discussions on fabrication 
approaches, the hydrophobic modification method used will be described. 
Subsequently, the synthesis procedures of the silica–recycled-cellulose 
aerogels will be described. Finally, the characterization methods, such as X-
ray diffraction, scanning electron microscopy, and water contact angle 
measurements, will be presented.  
 
3.1 Materials 
Sodium hydroxide (NaOH), urea (CO(NH₂)₂), ethanol (CH3CH2OH), 
methoxytrimethylsilane (MTMS), ammonium hydroxide (NH4OH), and 
ammonium fluoride (NH4F), all of analytical grade, were purchased from 
Sigma-Aldrich. All the solutions were made with deionized (DI) water. 
Recycled cellulose fibres and Kymene 557H were obtained from Insul-Dek 
Engineering Pte Ltd (Singapore) and Ashland (Taiwan) respectively. Motor 
oils of 5w40 and 5w50 were purchased from Carlube, and Singer machine oil 
was purchased from the commercial market. Three crude oils were used for 
the absorption tests: Ruby (RB), Te Giac Trang (TGT), and Rang Dong (RD). 
The crude oils were supplied by the Petrovietnam Research and Development 
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Centre for Petroleum Processing (PVPro). All the chemicals were used as 
received, without further purification.  
 
3.2 Experimental techniques 
For this thesis, recycled cellulose fibres were directly purchased from 
the market because the established raw–paper waste recycling methods are 
mature, and using commercial recycled cellulose fibres is cost-effective and 
time-saving.  
 
3.2.1 Synthesis of recycled cellulose aerogels using sodium         
hydroxide–urea aqueous solutions 
Recycled cellulose fibres (2 wt. %) were dispersed in a NaOH/urea 
solution (1.9 wt. %/10 wt. %) by sonication for 10 min. The mixture was then 
placed in a refrigerator for more than 24 h to allow gelation. After the mixture 
was frozen, it was thawed at room temperature (25 
o
C), followed by 
immersion in ethanol (99 vol. %) for coagulation. The specimen thickness of 
the cellulose hydrogels was controlled to be approximately 1 cm with a 
diameter of 3.8 cm, using a beaker as a mould. After coagulation, solvent 
exchange was carried out by immersing the gel in DI water for two days. 
Freeze drying was carried out on the frozen cellulose hydrogels for two days 
at -98 °C with a ScanVac CoolSafe 95-15 Pro freeze-dryer (Denmark), after 
the hydrogels were prefrozen at -18 °C for 12 h. The details of the parameter 
changes (the amounts of cellulose, NaOH and urea) will be presented in 
Section 4.2.1 for referral convenience. 
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3.2.2 Synthesis of recycled cellulose aerogels using Kymene binder 
The recycled cellulose fibres from paper waste (0.075–0.3 g) and 
Kymene (5–20 μl) were first dispersed in 30 ml of DI water by sonicating the 
mixtures for 10 min. The suspensions were then placed in a refrigerator at       
-18 
o
C for more than 12 h to allow the gelation. The cellulose aerogels were 
obtained by freeze drying the obtained gels at -98 
o
C for two days using a 
Scan Vac CoolSafe 95-15 Pro freeze dryer (Denmark). Thereafter, the 
cellulose aerogels were further cured at 120 
o
C for another 3 h to completely 
cross-link the Kymene molecules.  
 
3.2.3 Hydrophobic coating of the recycled cellulose aerogels 
As the recycled cellulose aerogels whose development is described in 
Section 3.2.1 and 3.2.2 were hydrophilic, the highly porous networks of the 
as-prepared cellulose aerogels were coated with MTMS, to form              
super-hydrophobic cellulose aerogels for oil absorption and thermal insulation, 
in accordance of the aims of this thesis. The proposed coating mechanism of 
the silanation reaction between the cellulose and MTMS is illustrated in 
Figure 3.1 below.  
 
Figure 3.1 The proposed silanation reaction between cellulose and MTMS, 
which results in super-hydrophobic cellulose aerogels 
[1, 2]
. 
The cellulose aerogels and open glass vials containing MTMS (0.5 ml) 
were placed in big containers. The containers were then capped and heated at 
70 
o
C for 3 h for the silanation reaction. After the aerogel structure was coated 
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completely, excessive MTMS was removed by placing the aerogel in a 
vacuum oven until the pressure decreased to below 0.03 mbar. 
 
3.2.4 Synthesis of silica–cellulose aerogels 
The catalyst solution was prepared by mixing 10.250 g of ammonium 
hydroxide and 0.927 g of ammonium fluoride in 50 ml of DI water. After that, 
6 ml of MTMS solution was mixed with 11 ml of ethanol and stirred for 5 min 
(forming an MTMS/ethanol solution). Then, 7 ml of DI water, 11ml of ethanol, 
and 0.5 ml of the catalyst solution were mixed in another beaker (forming a 
water/ethanol/catalyst solution). While the MTMS/ethanol mixture was still 
being stirred, the obtained DI water/ethanol/catalyst solution was poured 
slowly into the MTMS/ethanol mixture and stirred for another 15 min to form 
the sol. The sol was poured into a mould that contained the cellulose aerogel 
(as described in Section 3.2.2), and the gelation and aging process were 
conducted at room temperature (25 
o
C) for three days. After solvent exchange 
between the gel and DI water, the obtained hydrogel was frozen and dried 
using a Scan Vac CoolSafe 95-15 Pro freeze dryer (Denmark) for 24 h. 
Different silica–cellulose aerogels were synthesized from the different 
cellulose aerogel matrixes with varied cellulose fibre concentrations inside the 
initial cellulose aqueous suspensions; the details will be presented in     
Section 6.4.  
 
3.3 Characterization  
3.3.1 X-ray diffraction (XRD) 
X-ray diffraction (XRD) can identify and characterize materials based 
76 
on their diffraction patterns, which revealing the chemical composition and 
crystallographic structure of the materials 
[3]
. In crystals, the scattered X-rays 
interfere with the materials constructively and destructively, forming the 
diffraction pattern. This process is described by the famous Bragg’s law: 
                                                     (3.1) 
in which n is an integer, λ is the wavelength of the X-ray (nm), d is the 
distance between the lattice planes (nm), and θ is the angle between the 
incidence X-ray and lattice planes (
o
). 
For this thesis, the chemical composition of the aerogels was 
investigated by X-ray diffraction (XRD, 6000 Shimadzu, Japan). An X-ray 
beam generated by a Cu-Kα radiation source with a wave length of 0.1506 nm 
was used. The continuous scan was recorded from 5 to 45
o
 (2θ), and the scan 




/min respectively. Before being 
characterized, the aerogels were ground and pressed into a glass holder to 
ensure a flat surface.  
 
3.3.2 Scanning electron microscopy (SEM) 
Scanning electron microscopy (SEM) can observe the surface 
morphologies and features and obtain the elemental identification and 
quantitative composition of a specimen 
[4]
. When a finely focused high-energy 
electron beam scans the surface of the sample, the interaction between the 
electrons and atoms (in the sample) produces several detective signals, such as 
those of secondary electrons and backscattered electrons. The signals are 
usually collected by an Everhart-Thornley detector, which is a positively 
77 




For this thesis, all the SEM images were obtained by field emission 
scanning electron microscopy (FESEM, Model S-4300 Hitachi, Japan) and 
scanning electron microscopy (SEM, Model JSM-600LV, Japan), with the 
field emission guns operating at 15 KV. As both cellulose and silica have low 
electrical conductivity, all the aerogels were gold-coated by sputtering before 
characterization. The coating of the cellulose aerogels was performed under  
10 mA for 30 s, while the silica–cellulose aerogels were gold-coated at 20 mA 
for 15 s. 
 
3.3.3 Surface-area determination 
The Brunauer–Emmett–Teller (BET) theory studies the physical 
adsorption of gas molecules on the surface of solids, which is widely accepted 
in specific surface-area analysis 
[5]
. This theory adopts the Langmuir 
mechanism with three simplifying hypotheses: (i) the heat of adsorption is 
equal to the condensation molar heat in all layers except the first layer; (ii) the 
evaporation–condensation conditions of all layers are identical except the first 
layer; (iii) the number of adsorbed layers is infinite 
[6]
. The BET equation is as 
follows:  
 
           
 
 
   
 
   




                                 (3.2) 
in which C is the BET constant, P is the equilibrium pressure of the adsorbent 
at the test temperature (Pa),    is the saturation pressure of the adsorbent at the 








The BET constant can be practically simplified to the following 
expression:  
C=exp ((E1-EL)/RT)                                       (3.3) 
in which E1 is the heat of adsorption for the first layer (J/mol), EL is the heat of 
adsorption for the second and upward layers (J/mol), R is the gas constant (J/K. 
mol), and T is the test temperature (K).  
Furthermore, the total surface area St of the sample can be calculated 
from the obtained Vm via a linear interpretation: 
   
      
 
                                             (3.4) 
in which Acs is the adsorbate molecular cross-section (nm
2
/molecule), N is the 
Avogadro’s number (6.022 ×1023 molecule/mol), and V is the molar volume 
of the adsorbate (m
3
/mol). 
It is then straightforward to calculate the specific surface area SBET 
from St using the following equation:  
     
  
       
                                         (3.5) 
in which Wsample (g) is the sample weight.  
For this thesis, the BET specific surface areas of the aerogels were 
obtained with a Nova 2200e (Quantachrome) analyzer, with nitrogen serving 
as the absorbate. Before characterization, the aerogels were cut into small 
pieces and degassed in a vacuum at 80 
o
C for 24h.  
 
3.3.4 Water contact angle 
The contact angle refers to the angle made by the intersection of the 
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liquid/solid interface and liquid/air interface. The water contact angle 
measurements are useful in determining the solid surface energy, chemical 
affinity, and wettability 
[7]
. Two common methods of water contact angle 
measurement are the goniometer method and the Wilhelmy method 
[8, 9]
. In the 
goniometer method, a motor-driven syringe deposits the droplets onto the 
sample surface, and the image, captured by a camera, is displayed on the 
screen visually. Further analysis of images generates the water contact angles 
directly with software 
[10]
. The Wilhelmy method requires a small plate-shaped 
sample and measures the force experienced by the sample via the liquid 
[9]
. 
The value of the water contact angle shows the hydrophobicity of the material 
surface: a material surface with a water contact angle of less than 90
o
 is 
considered hydrophilic, while a material surface with a water contact angle 
larger than 90
o
 is considered hydrophobic; moreover, a material surface with a 
water contact angle larger than 150
o
 is considered superhydrophobic 
[11]
. 
Under laboratory conditions, the water contact angles can be measured more 
accurately, with a small derivation (a few degrees).  
For this thesis, the water contact angle values were measured with a 
VCA Optima goniometer (AST Products Inc., USA), to investigate the water 
repellency of the aerogels. The volume (0.5 uL) of the dispensed water 
droplets was accurately controlled using the syringe-control function of the 
software. The contact angle values were calculated using contact angle meter 
software, on the basis of the droplet shape in the image, and displayed on the 
saved images. For each aerogel, measurements were repeated at several 
different positions, and the contact angle of the aerogel was finally determined 
by averaging these contact angle values from various measurements.  
80 
3.3.5 Oil absorption capacity 
The oil absorption capabilities of the cellulose aerogels were 
investigated using a modified ASTM F726-06 test method 
[12–15]
. Three crude 
oils were used for the absorption tests of the recycled cellulose aerogels using 
a NaOH–urea aqueous solution: Ruby (RB), Te Giac Trang (TGT), and Rang 
Dong (RD). The specifications of the crude oils will be presented in      
Section 4.2.2.1. The dry aerogel sample for oil absorption had dimensions of 
38 mm (diameter) by 11 mm (thickness). The aerogel was weighed and placed 
in 300 mL of crude oil for a certain period of time. The wet aerogel was then 
removed from the liquid using a stainless steel mesh basket and drained for     
1 min. The wet aerogel was weighed.  
For the recycled cellulose aerogel fabricated using a Kymene binder, 
dry aerogels with dimensions of 45 mm (diameter) by 11 mm (thickness) were 
first weighed, and then immersed in oil for 2 h to reach a swelling equilibrium. 
Thereafter, the gels were lifted up from the oil container with a stainless steel 
mesh basket, drained in air for 30 s, and weighed again. 
The oil absorption capacity of the aerogels was calculated using the 
following formula: 
   
     
  
                                            (3.6) 
in which Qt (g/g) is the oil absorption capacity of the aerogel at a certain time t 
(s), md is the weight of the aerogel before absorption (g), and mw is the weight 
of the aerogel after absorption (g). 
To qualitatively evaluate the oil absorption ability of the aerogel in a 
crude oil/water mixture, 40 mL of deionized (DI) water and 5 mL of RB oil 
were added to a Petri dish. An MTMS-coated aerogel was used for the 
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absorption test. Similar studies were carried to test the oil absorption ability of 
the cellulose aerogels in motor oil/water mixtures. Moreover, environmental 
factors were also taken into consideration while testing the aerogels in the 
motor oil/water mixtures, with the different pH values (pH = 3, 5, 7 and 9) of 
the artificial seawater (3.5 wt. % NaCl).  
 
3.3.6 Reusability 
The reusability of cellulose aerogels was evaluated by the changes on 
absorption capacity, on squeezed ratio of the absorbed oils, and on volume 
during cycles of sorption. After the first sorption cycle, the cellulose aerogel 
was weighted, as described in Section 3.3.5, and then its dimensions were 
measured. The cellulose aerogel was then squeezed, and weighted again. The 
test was repeated several times to assess the reusability of the cellulose 
aerogels.  
The ratio of the aerogel volume before the absorption test to its original 
volume was calculated with the following equation:  
   
  
  
                                                (3.7) 
in which Vn is the ratio of the aerogel volume before the absorption test to its 
original volume, Vd is the volume of the aerogel before the absorption         
test (cm
3
), and Vi is the original volume of the aerogel (cm
3
). 





                       
                      
 
  -  
  -  
                             (3.8) 
in which ms (g) was the weight of the aerogel after squeezing.  
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3.3.7 Oil absorption kinetics 
To study the oil absorption kinetics of these cellulose aerogels, the 
immersed aerogels were lifted up from the oil, drained, and weighed at several 
time intervals (0, 2, 5, 7, 10, 15, 20, 30, and 60 s). The motor oil (5w50) and 
Singer machine oil, with different viscosities of 0.14 and 0.026 Pa. s 
respectively, were used for the absorption kinetics tests to investigate the 
effects of the oil viscosity on the absorption kinetics. 
Various kinetics models have been suggested for absorption kinetics 
analysis 
[16–18]
. Pseudo-first-order and pseudo-second-order models are 
commonly used for the oil absorption 
[19–23]
. The pseudo-first-order model can 
be used in many absorption cases, such as systems close to equilibrium, 
systems with time-independent solute concentrations, or linear equilibrium 
absorption isotherms, while the pseudo-second-order model is used to describe 
the sorption process controlled by chemisorption 
[16, 18, 19, 24–27]
. 
In this work, both these models were used to fit the experimental 






     
                                              (3.9) 
in which Qm (g/g) is the maximum oil absorbency, Qt (g/g) is the oil 
absorbency at time t (s), and k1 (1/s) is the absorption rate constant determined 
from the slope of ln[Qm/(Qm-Qt)] versus t (s) plot. On the other hand, the 










    
                                   (3.10) 
By plotting (t/Qt) (s) versus t (s), the absorption rate constant k2 (1/s) can be 
determined.  
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3.3.8 Thermal gravimetric analysis (TGA) 
Thermal gravimetric analysis (TGA) measures the mass of a sample as 
a function of sample temperature or time 
[28]
. During dynamic measurement, 
the sample is normally treated with a constant heating rate. Moreover, the 
analysis atmosphere could be reactive, oxidising, or inert depending on the 
analytical purposes. To minimize the effects of gas density change (resulting 
from the temperature changes), thermal gravimetric analysis is normally 
equipped with buoyancy corrections 
[28]
. These corrections are performed by 
subtracting the baseline (generated in the blank measurement) from the sample 
measurement curve 
[28]
. Thermal gravimetric analysis could provide useful 
information, such as degradation temperatures and the decomposition point. 
Differential thermal analysis (DTA) could be conducted simultaneously with 




For this thesis, the TGA and DTA were performed by a DTG60H 
thermogravimetric analyzer (Shimadzu, Japan). The aerogel was heated up in 
air from room temperature to 800 
o
C at a rate of 10 
o
C/min. During the test, 
the aerogel was kept at 150 
o
C for 1 h to ensure that the adsorbed water was 
removed. 
 
3.3.9 Thermal conductivity 
Thermal conductivity measures the ability of a material to transfer heat. 
All the available methods can be categorized into two groups: (i) steady-state 
methods and (ii) transient methods. One of the transient methods is the 




. In this method, a heat reflectance sensor provides a momentary and 
constant heat (generated by a known current), which induces a temperature 
difference of less than 2 
o
C between the sensor and the sample at the interface. 
The rate of the sample voltage increment resulting from the temperature rise 
determines the thermal conductivity: the steeper the voltage rise, the lower the 
thermal conductivity. This method is considered rapid and non-destructive.  
 
Figure 3.2 The set-up of thermal conductivity measurement with a C-Therm 
TCi Thermal Conductivity Analyzer (C-Therm Technologies, Canada). 
For this thesis, the thermal conductivities of the aerogels were 
measured under ambient conditions using a C-Therm TCi Thermal 
Conductivity Analyzer (C-Therm Technologies, Canada), with the MTPS 
method. The sensor of the equipment was put on a stable and flat table with 
the sensor head facing upwards. The aerogel was placed directly on the top of 
the sensor with a loaded weight to ensure good surface contact between the 
aerogel and the sensor, as shown in Figure 3.2 above. During the test, the foam 
method was selected, and three measurements were made. After the test, the 
results were directly displayed on the screen with the TCi 3.0 software.  
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3.3.10 Compression test 
The compressive test examines the behaviour of a material responding 
to an applied compression. The test can determine various important 
mechanical properties, such as compressive modulus, compressive strength, 
yield strength, and yield point. During the test, a specimen is deformed with a 
gradually increasing compressive load generated by the testing machine. The 
compressive testing machine contracts the specimen at a constant rate, and the 
instantaneously applied load and contraction are measured with a load cell and 
an extensometer, respectively. Although the compressive test is destructive, it 
is highly desirable when it is necessary to know the behaviour of a material 
under large and permanent strains 
[31]
. For this thesis, only the compressive 
properties of the aerogels were investigated as compression is more likely to 
occur in thermal and oil spill–cleaning applications.  
For this thesis, the compressive tests were carried out on an Instron 
5500 microtester (USA), according to ASTM D1621-10 
[32]
. Before the 
measurements, the dimensions of the samples were recorded for the 
subsequent data analysis. The load and the gauge length needed to be balanced 
and reset before compression. During the tests, the aerogels were subjected to 
a loading of 1 mm/min. After every single run, the data was manually saved 
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CHAPTER 4: Recycled Cellulose Aerogels Using 




This chapter presents the oil spill–cleaning applications of the recycled 
cellulose aerogels synthesized with a sodium hydroxide/urea method. Oil 
spills have been considered one of the most serious disasters threatening the 
marine ecosystem. Recently, the explosion of a drilling rig in the Gulf of 
Mexico caused significant environmental damage 
[1]
. Oil spills are usually 
related to accidents during oil production, storage, and transportation. As long 
as fossil fuels are needed, oil spills will remain a significant problem that 
human beings will have to face 
[2–8]
. Therefore, it is essential to solve, or at 
least alleviate, this environmental problem.  
Several methods of oil spill–cleaning have been developed, and can be 
classified as chemical, biological, and physical methods. Dispersion, in-situ 
burning, and solidification are considered chemical methods that are 
complicated and expensive 
[9–11]
. The use of microorganisms via biological 
methods is effective but requires a long time, and the microorganisms are 
affected by environmental factors, such as pH, temperature, and oxygen 
content 
[12]
. Moreover, the oil spills cleaned with the chemical and the 
biological methods are difficult to recover, and recoverability is a crucial 
factor for oil spill–cleaning applications. With the physical methods, booms 




. Of these methods, sorption has been considered one of the 
most effective ways for oil-spill cleaning, as it enables the collection and 
complete removal of oil from oil-spill sites 
[2, 11, 14–20]
.  
Several materials have been used as sorbents for oil-spill cleaning in 
research and practical applications. The oil absorbents can be categorized into 
inorganic minerals, natural organic materials, and synthetic organic    
materials 
[11, 16, 17, 19]
. Inorganic materials, such as clay, vermiculite, exfoliated 
graphite, diatomite, and fly ash, have low oil absorption                      
capacities (4–20 g/g) [21–23]. Furthermore, some of these inorganic materials, 
such as clay and vermiculite, are harmful when inhaled by human beings 
under windy conditions, due to the loose structures of these materials. Natural 
organic materials from plant and animal residues, such as kapok fibre,      
sugar-cane bagasse, rice husk, coconut husk, cotton, wool, sawdust, and 
chitosan, have been examined for oil absorption capabilities 
[24–26]
. However, 
most of the materials have low oil absorption abilities (3–15 g/g), and also 
absorb water.  
On the other hand, synthetic organic materials, such as polypropylene, 
polystyrene, and polyurethane, possess a high affinity with oil and high oil 
absorption capacities (4.5–100 g/g), but cause waste problems after use due to 
their slow rates of degradation 
[11, 16, 19]
. Therefore, there is high demand for 
new environmentally friendly absorbents with high oil absorption capacity, 
good selectiveness, and low cost for oil-spill removal. 
A combination of an aerogel structure and recycled cellulose fibres 
from paper waste can be used to form an advanced material, called a recycled 
cellulose aerogel, which is cost-effective and a promising material for oil 
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absorption. Although some studies have investigated the use of cellulosic 
materials for oil absorption, none have fabricated aerogels from paper-waste 




In this chapter, the fabrication procedure for making cellulose aerogels 
from paper-waste cellulose fibres using the sodium hydroxide–urea method 
will be discussed; the materials have been found to have high absorption 
capacities for different crude oils. Other properties of the cellulose aerogels 
created with the sodium hydroxide–urea aqueous solution, such as 
morphology, hydrophobicity, oil absorption kinetics, and compressive 
mechanical property, will also be explored in this chapter.  
 
4.2 Results and discussion 
4.2.1 Morphology and hydrophobicity of the recycled cellulose aerogels 
Recycled cellulose aerogels are synthesized with the method described 
in Section 3.2.1. In the literature, most research on cellulose aerogels used 
high-quality cellulose, bacterial cellulose, or wood powder 
[27, 32–35]
. For this 
study, recycled cellulose fibres, as shown in Figure 4.1(a) below, from paper 
waste were chosen as raw materials for the first time. The cellulose aerogels 
were prepared using a sodium hydroxide–urea method, due to the low cost and 
convenience of the technique 
[32, 36, 37]
. To dry the frozen cellulose hydrogel 
samples, the freeze-drying method was used to prevent the pores of the 
cellulose aerogels from collapsing. The freeze-drying process was discussed in 




Figure 4.1 (a) Recycled cellulose fibres, (b) A recycled cellulose aerogel with 
a diameter of 3.8 cm, and (c) A FE-SEM image of a recycled cellulose aerogel 
before MTMS-coating. 
As shown in Figure 4.1(b) above, a porous aerogel with a cellulose 
concentration of 2.0 wt. % was formed after the freeze-drying process. The 
FE-SEM was used to investigate the morphology of the cellulose aerogel 
prepared from recycled cellulose fibres. Figure 4.1(c) above shows an image 
of the internal structure of the material with a cellulose concentration of       
2.0 wt. %. It can be observed that the aerogel had an open porous network 
structure of uniform fibres (about 8 μm wide), indicating that recycled 
cellulose fibres were successfully self-assembled via hydrogen bonding to 
form a three-dimensional porous network 
[37]
. The width of the recycled 
cellulose fibres was much larger than that of the nanocellulose                  
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fibres (2–100 nm) [33, 38–40]. The micro-sized cellulose fibres were consistent 
with the sizes of the recycled cellulose fibres as recorded in the literature 
[41–43]
. 
From Figure 4.1(c) above, it can be observed that the pore size of the aerogel 
could be estimated to be in the range of 40–200 μm, indicating the 
macroporous property of the material. The sample with a cellulose 
concentration of 2.0 wt. % had a density of 0.040 g/cm
3
, calculated from the 





, the porosity of the aerogel sample with a cellulose concentration 
of 2.0 wt. % was calculated to be 97.3% by the sample mixing rule, neglecting 
the air density 
[33]
. The low density and high porosity, which are essential for a 
good absorbent, were comparable to those of the nanocellulose             
aerogels (0.03 g/cm
3
, 95–98 %) [45]. 
The effects of chemical compositions, such as cellulose concentrations, 
urea concentrations, and sodium-hydroxide concentrations, on the densities 
and porosities will be systematically investigated in the following sections.  
 
4.2.1.1 Effects of the cellulose concentration  
The morphology control of the cellulose aerogels was successfully 
achieved by changing the cellulose fibre concentration. As shown in Table 4.1 
below, the density increased (0.03–0.10 g/cm3) as the cellulose concentration 
in the hydrogel increased (1.5–4.0 wt. %), as more cellulose fibres were 
packed inside the aerogel. The increase in the density (0.03–0.10 g/cm3) also 
caused a decrease in the porosity (98.0–93.3 %). This phenomenon was due to 
the more compact structure of the cellulose aerogels. 
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Table 4.1 The morphology control of the cellulose aerogels by changing the 
cellulose concentrations, with the concentrations of NaOH and urea fixed at 
1.9 wt. % and 13.7 wt. % respectively. 
Cellulose fibres (wt. %) Density (g/cm
3
) Porosity (%) 
1.5 0.026±0.004 98.0±0.2 
2.0 0.039±0.004 97.3±0.3 
3.0 0.049±0.006 96.7±0.4 
4.0 0.104±0.015 93.3±1.0 
4.2.1.2 Effects of the sodium-hydroxide concentration 
The morphological effects of the sodium-hydroxide concentration on 
the cellulose aerogels are summarized in Table 4.2 below. The results suggest 
that the amount of sodium hydroxide may slightly affected the density and 
porosity of the cellulose aerogels in the range from 1.5 to 3 wt. %. As 
discussed earlier in Section 2.2.1, sodium hydroxide can partially bond to 
cellulose, which improves the dissolution. A possible explanation is that a 
larger amount of sodium hydroxide, resulting in less bonding in the cellulose, 
leads to cellulose aerogels with less porosity.  
Table 4.2 The morphological effects of the sodium-hydroxide concentration 
on the cellulose aerogels, with the concentrations of cellulose fibres and urea 





) Porosity (%) 
1.5 0.036±0.004 97.6±0.2 
1.9 0.036±0.004 97.6±0.3 
2.5 0.039±0.007 97.4±0.4 
3.0 0.040±0.006 97.3±0.4 
 
4.2.1.3 Effects of the urea concentration  
As shown in Table 4.3 below, the density and porosity of the cellulose 
aerogels were not significantly changed when the amount of urea was adjusted. 
The urea amount had no obvious influence on the morphology of the cellulose 
aerogels in the range from 10 to 20 wt. %. Urea helps the dissolution of 
cellulose, since urea hydrates serve as hydrogen-bonding donors and receptors 
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to keep the cellulose apart. However, the results suggest that the amount of 
urea may have an insignificant effect on the porosity of cellulose aerogels.  
Table 4.3 Morphological effects of the urea concentration on the cellulose 
aerogels, with the concentrations of cellulose fibres and NaOH fixed at        
2.0 wt. % and 1.9 wt. % respectively. 
Urea (wt. %) Density (g/cm
3
) Porosity (%) 
10.0 0.036±0.004 97.6±0.3 
13.7 0.036±0.004 97.6±0.3 
15.0 0.036±0.001 97.6±0.1 
20.0 0.033±0.004 97.8±0.3 
 
4.2.1.4 Hydrophobicity of the cellulose aerogels 
Hydrophilicity is a natural feature of cellulose due to its hydroxyl 
groups, as discussed in Section 2.2.2. Therefore, a hydrophobic coating was 
applied to the recycled cellulose aerogel to make it oleophilic. To achieve this, 
a simple but effective chemical vapour–deposition procedure was performed 
for the aerogel with MTMS at 70 °C, as described in Section 3.2.3 
[46]
. After 
the silanation reaction between the aerogel and MTMS, the excess MTMS was 
removed using a vacuum oven until the pressure fell below 0.03 mbar. As 
shown in Figure 4.2 below, the open porous structure of the material was still 
preserved after the coating was applied. 
 
Figure 4.2 The FE-SEM image of the recycled cellulose aerogel after  
MTMS-coating. 
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To determine the effect of the coating on the hydrophobicity of the 
aerogel, water contact angle measurements were performed for the uncoated 
and coated aerogels. The uncoated sample immediately absorbed the water 
droplets in the test, and no measurable contact angle could be recorded. By 
contrast, as shown in Figure 4.3(a) below, a high contact angle of 145° was 
measured for the aerogel coated with MTMS, indicating the hydrophobicity of 
the material. To ensure that the internal surfaces of the pores were fully coated 
with MTMS, the sample was cut into two pieces, and a water contact angle of 
143° was obtained on the cross-section of the cellulose aerogel, as shown in 
Figure 4.3(b), proving that the whole porous structure was hydrophobic and 
that the MTMS coating was effective.  
 
Figure 4.3 Water contact angle (a) on the external surface of the coated 
aerogel and (b) on the cut surface of the coated aerogel. 
 
 
Figure 4.4 Effects of exposure time on the water contact angles of the 
cellulose aerogels with different cellulose fibre concentrations. 
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The stability of the hydrophobicity of the coated cellulose aerogels 
with cellulose concentrations of 1.5–4.0 wt. % was also examined. During the 
test, the coated aerogels were exposed to ambient conditions for 150 days. 
Their water contact angles (measured every 15 days) were 135–150o over the 
examined period, as shown in Figure 4.4 above. The water contact angles of 
samples with different cellulose concentrations did not show any obvious 
change over time. These results confirmed the excellent stability of the 
hydrophobic coating of the MTMS-coated recycled cellulose aerogels used for 
this thesis. 
 
4.2.2 Oil absorption properties of the cellulose aerogels 
All the studies described in this section were based on recycled 
cellulose aerogels with a cellulose concentration of 2.0 wt. %. There were two 
main reasons for this: (1) after oil absorption, the recycled cellulose aerogels 
with 1.5 wt. % cellulose concentration were observed to have low rigidity; and 
(2) the oil absorption capacity of the cellulose aerogels with a cellulose 
concentration of 2.0 wt. % was the highest of all the cellulose aerogels with 
cellulose concentrations of 2.0–4.0 wt. %, because of the high porosity of the 
former..  
 
4.2.2.1 Absorption capacities of the cellulose aerogels 
a. Absorption capacities of the cellulose aerogels with different oils 
The crude oil–absorption behaviour of the MTMS-coated aerogel was 
investigated with three different crude oils: Ruby (RB), Te Giac Trang (TGT), 
and Rang Dong (RD). The absorption capacities of the aerogels of RB, TGT, 
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and RD were 18.4, 18.5, and 20.5 g/g, respectively, at the end of the 
absorption test, as calculated by Equation 3.6. The absorption capacities were 
nearly double those obtained with polypropylene fibrous mats, which are 
widely used as absorbents for crude oil–spill cleaning [11, 19, 47–52]. The highest 
absorption capacity value was for RD, while the aerogel showed similar oil 
absorption behaviour for RB and TGT. This was probably due to the fact that 
RD has the lowest viscosity, while RB and TGT have comparable viscosity 
values, as shown in Table 4.4 below.  
Table 4.4 The relevant specifications of the crude-oil samples in this thesis. 















RB 0.8236 42 0.0090 0.0049 0.0027 
TGT 0.8264 n/a 0.0088 n/a n/a 
RD 0.8153 n/a 0.0062 n/a n/a 
It is well known that the absorption process of oils by absorbents is 
controlled by the capillary effect, van der Waals forces, hydrophobic 
interaction between the oils and absorbents, pore morphology, and oil 
viscosity 
[17, 24, 31, 48, 50, 53]
. In this case, oil viscosity seemed to be the main 
factor responsible for the absorption-capacity difference between the three 
crude oils. A lower viscosity facilitates the penetration of the oil into the 
porous network of the aerogel, thus resulting in a higher oil absorption 
capacity 
[17, 31, 49]
. Similar studies of absorption capacity were conducted using 
motor and cooking oils, and the cellulose aerogels showed strong affinity with 
both oils, with absorption capacities of 18 and 17.6 g/g respectively.  
 
b. Absorption capacities of the cellulose aerogels at different temperatures 
The effect of temperature on the crude-oil absorption capacity of the 
MTMS-coated recycled cellulose aerogel was examined with RB. The tests 
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were conducted at 10, 25, 40, and 60 °C. The results are summarized in  
Figure 4.5 below, and displayed with the viscosities.  
 
Figure 4.5 Effect of temperature on crude-oil absorption capability of the 
MTMS-coated recycled cellulose aerogel, and on the viscosity of RB. 
As shown in Figure 4.5, the oil absorption capacity increased from 
13.9 to 18.4 g/g when the temperature was increased from 10 to 25 °C. The 
highest absorption capacity was 24.4 g/g, achieved at 40 °C; the absorption 
capacity decreased to 19.9 g/g when the temperature was increased to 60 °C. 
This can be explained by the change of oil viscosity with temperature, as 
displayed in Figure 4.5 and Table 4.4. At 10 °C, the oil formed a gel with a 
high viscosity value of 42 Pa.s. This high viscosity impeded the diffusion of 
the oil into the pores of the absorbent, and led to a low absorption capacity. 
When the testing temperature was increased from 10 to 25, to 40, and to 60 °C, 
a reduction in the crude-oil viscosity from 42 to 0.0090, to 0.0049, and to 
0.0027 Pa.s, respectively, was observed. The reduced viscosities made the oil 




. However, the large decrease in the oil viscosity at 60 °C resulted in low 
adherence of the oil to the pore walls, and as a consequence, more oil was 
drained out during the drainage step 
[17, 31, 49, 54]
. The maximum oil absorption 
capacity was achieved at 40 °C, at which the optimal oil-viscosity value 
facilitated the penetration of the crude oil into the pores, and the retention of 
oil in the structure of the aerogel.  
 
c. Reusability of the cellulose aerogels  
The effect of cycles of sorption on the oil absorption capacity of the 
aerogel was explored. Figures 4.6(a) and (b) below show images of the aerogel 
sample before and after the first oil absorption test cycle. It can be observed 
that the size of the sample was nearly unchanged after the oil was absorbed. 
This is confirmed by the aerogel sample having a volume ratio of 1.05 before 
and after the first oil absorption test cycle. To remove the absorbed oil, a 
simple squeezing was performed, as shown in Figure 4.6(c), and the absorbed 
oil was removed by finger pressure. Figures 4.6(d) and (e) show the sample 
after squeezing and the good flexibility of the sample, respectively. The 
squeezed sample was then used for the next absorption test cycle. The oil 
absorption capacities of the sample after five sorption cycles are displayed in 
Figure 4.7(a) below. The sample achieved a high absorption capacity of     
18.4 g/g in cycle 1. However, the capacity dropped to 0.96, 0.68, 0.59, and 
0.63 g/g in cycles 2, 3, 4, and 5, respectively. This phenomenon can be 
explained by the change in the sample volume, as calculated by Equation 3.7; 
the change in the sample volume is also displayed in Figure 4.7(a).  
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Figure 4.6 (a) Aerogel sample before first absorption cycle. (b) Aerogel 
sample after first absorption cycle. (c) Squeezing out the oil from the cellulose 
aerogel. (d) Aerogel sample after squeezing. (e) Flexibility of the sample after 
squeezing. 
 
Figure 4.7 Effect of cycles of sorption on (a) Oil absorption capacity and 
sample volume of the aerogel (b) Squeezed ratio of absorbed oil. 
103 
After cycle 1, the sample was squeezed to remove the absorbed oil, and 
the squeezed sample was used for cycle 2. After this squeezing, the ratio of the 
volume of the squeezed sample to its original volume was 0.32, indicating that 
the porous structure of the sample had largely collapsed. As a result, the oil 
absorption capacity of the aerogel sharply decreased to 0.96 g/g in cycle 2. In 
later cycles, the volume ratio values (0.27, 0.23 and 0.29) were similar to the 
value after the first cycle, suggesting that the sample structure did not change 
anymore. Regarding the squeezed ratio of the absorbed oil, as calculated by 
Equation 3.8, 81.5, 98.5, 95.9, 96.9, and 96.4 % of the absorbed oil was 
released after cycles 1, 2, 3, 4, and 5, respectively, as presented in           
Figure 4.7(b) above. The reusability could be improved by enhancing the 
elasticity of the cellulose aerogels in future. 
 
4.2.2.2 Absorption kinetics of the cellulose aerogels with different oils  
Figure 4.8 below demonstrates the crude-oil absorption test of the 
material with a mixture of RB (crude oil) and DI water (40 mL of water/5 mL 
of RB). The crude oil formed a coloured layer on the water surface. It was 
observed that the hydrophobic aerogel floated on the mixture and rapidly 
absorbed the crude oil. After about 4 min, most of the oil (99.4%) was 
absorbed by the hydrophobic aerogel. The test indicated that the           
MTMS-coated aerogel was promising candidate for crude oil spill–cleaning 
applications. The crude-oil absorption behaviour of the MTMS-coated aerogel 
was studied, and three different crude oils, RB, TGT, and RD, were used. 
Figure 4.9 below shows the first 250 minutes of the sorption process. 
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Figure 4.8 Oil absorption process of the recycled cellulose aerogel in the 
mixture of RB (5 mL) and DI water (40 mL). 
 
Figure 4.9 The absorption kinetics of crude oils on the coated aerogel. 
It can be observed that the material easily absorbed the crude oil and 
was completely immersed in the oil after about 3 min, indicating the high 
affinity of the absorbent with crude oil. The sorption kinetics of the three 
crude oils on the aerogel are also shown in Figure 4.9 above. The absorption 
rates were very high at the first stage, and saturation was achieved after about 
10 min. According to Equation 3.9, the absorption rate constants for the 
pseudo-first-order model were 0.014, 0.017, and 0.016 for the three different 
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crude oils, RB, TGT, and RD, respectively. In addition, according to   
Equation 3.10, the absorption rate constants for the pseudo-second-order 
model were 0.0005, 0.0004, and 0.0004, respectively. The correlation 
coefficient R
2
 values of the pseudo-second-order model (RD: 0.999,          
TGT: 0.997, and RB: 0.997) were higher than those of the pseudo-first-order 
model (RD: 0.934, TGT: 0.871, and RB: 0.888), which suggests that the 
pseudo-second-order model can better predict the crude-oil absorption 
behaviour of the cellulose aerogels.  
 
4.2.3 Mechanical properties of the cellulose aerogels 
A qualitative test was performed on the sample to investigate its 
mechanical strength by loading a 200 g weight on the sample for 1 h, 5 h, one 
day, and five days, as shown in Figure 4.10(a) below. No shape change of the 
aerogel was observed after the test durations.  
 
Figure 4.10 Mechanical properties of the aerogel. (a) A 200g load on the 
aerogel (b) Compressive curve of the aerogel. 
For further understanding of the mechanical property of the material, 
compression tests were performed with an Instron 5500 microtester, as 
described in Section 3.3.9. As shown in Figure 4.10(b) above, the cellulose 
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aerogels showed a ductile behaviour. The compression modulus was 
approximately 22 KPa.  
The compression modules of the cellulose aerogels were comparable to 
those of the scaffolds prepared from poly ether ester multi-block copolymer 
based on polyethylene oxide and polybutylene terephthalate (13.0–21.4 KPa), 
silk fibroin (18 KPa), sodium alginate (25 KPa), and poly ε -caprolactone 
(44.6–90.9 KPa) via freeze drying [55, 56]. The value of the compression 
modulus of the cellulose aerogel was also similar to those of the poly acrylic 
acid-clay composite aerogel (43 KPa) 
[57]
.  
However, the value of the compression modulus was lower than those 
of the cellulose aerogels prepared from bacterial cellulose (150 KPa) and 
cellulose nanofibres (35–2800 KPa), since bacterial cellulose and cellulose 
nanofibres have high mechanical strengths as source materials 
[58, 59]
. On the 
other hand, recycled cellulose aerogels have the advantages of                   
cost–effectiveness and eco-friendliness, due to having recycled paper–waste 
cellulose as a source. In addition, recycled cellulose aerogels are rigid enough 
for conventional handling, and can be used in oil-spill applications.  
 
4.3 Summary 
In conclusion, recycled cellulose aerogels were successfully prepared 
from recycled paper-waste cellulose fibres by freeze drying, using an  
alkaline–urea aqueous solution. For the first time, paper waste could be 
successfully converted into green cellulose aerogels. Morphology control of 
the recycled cellulose aerogels could be achieved by adjusting the cellulose 
concentration inside the cellulose aqueous suspension. To improve the 
107 
hydrophobicity of the hydrophilic cellulose aerogels, a simple chemical 
vapour deposition method using MTMS was successfully developed, and the 
coating stability was tested. The crude-oil absorption behaviour of the  
MTMS-coated aerogel with cellulose concentration of 2.0 wt. % was 
investigated with the three different crude oils, RB, TGT, and RD, at three 
different temperatures, 25, 40, and 60 °C. The aerogel showed a maximum 
absorption capacity of 24.4 g/g, with RB crude oil at 40 °C, due to the optimal 
viscosity of the oil at this temperature. 
The absorption kinetics of the material with the three different crude 
oils have been briefly described. It was observed that the material could easily 
absorb crude oil and was completely immersed in the oil after approximately  
3 min, indicating a high affinity between crude oil and the coated aerogels. In 
addition, the compressive modulus of the sample with cellulose concentration 
of 2.0 wt. % was tested and calculated to be approximately 22 KPa. The oil 
absorption properties indicated that the material is a promising candidate for 
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CHAPTER 5: Recycled Cellulose Aerogels Using 
Kymene Binder for Oil Spill–Cleaning Applications 
 
5.1 Introduction 
This chapter describes the successful development of an advanced and 
cost-effective method for fabrication of recycled cellulose aerogels. This novel 
method synthesizes the recycled cellulose aerogels from paper waste by using 
Kymene as a cross-linker, instead of using sodium hydroxide and urea 
[1–3]
. 
The synthesis procedures are discussed in Section 3.2.2. This method can 
significantly reduce the toxicity of raw materials, and reduce the entire 
synthesis duration from the nine days of previous methods to three days 
[4, 5]
. 
After being freeze dried and coated with methyltrimethoxysilane (MTMS) via 
chemical vapour deposition, the recycled cellulose aerogels exhibited       
ultra-flexibility, high porosity, super-hydrophobicity, and outstanding oil 
absorption capability. 
 
5.2 Results and discussion  
5.2.1 Morphology and hydrophobicity of the recycled cellulose aerogels  
In this section, the morphologies and hydrophobic properties of the 
recycled cellulose aerogels are discussed. The recycled cellulose aerogels 
exhibited macropore structures. Moreover, the aerogel with the higher 
cellulose concentration (1.0 wt. %) had a more compacted network and lower 
porosity. The aerogel with high stability was also observed to have          
super-hydrophobicity. 
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5.2.1.1 Effects of the cellulose concentrations  
The photographs and SEM images of the developed recycled cellulose 
aerogels are shown in Figure 5.1 below. The aerogel sample in Figure 5.1a had 
dimensions of 45 mm (diameter) × 11 mm (thickness), and the same shape as 
that of its reaction container. As reported previously, the recycled cellulose 





Figure 5.1 (a) Super-hydrophobic recycled cellulose aerogel, (b) Flexibility of 
the large-scale cellulose aerogel (38 cm × 38 cm × 1 cm) containing           
0.60 wt. % of cellulose fibres, SEM images of the cellulose aerogels with 
different ratios of cellulose fibres (wt. %) and Kymene (μl): (c) 0.25:5,          
(d) 1.00:5, (e) 0.60:5, and (f) 0.60:20. 
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In addition, for this work, Kymene strengthened the cellulose aerogels 
by providing a protection mechanism and reinforcement mechanism 
[6]
. For 
the protection mechanism, some Kymene molecules reacted with other 
Kymene molecules, and the formed Kymene networks wrapped the          
cross-linking points between the cellulose fibres to improve the strength of the 
cellulose network 
[6]
. Moreover, Kymene molecules also bonded with the 
cellulose fibres to enhance the strength of the cellulose network, providing the 
reinforcement mechanism 
[6]
. The utilization of Kymene as a cross-linker 
ensured that the resultant aerogels had a robust structure 
[6, 7]
.  
In contrast to the mesopores (2–70 nm) of the aerogels formed by the 
cellulose nanofibers, the cellulose aerogels with macropores (>50 nm) had 
highly porous structure, which can be clearly observed in the SEM images of 
Figures 5.1c–f [8-10]. Their macropores were possibly caused by the larger size 
of the recycled cellulose fibres, obtained from the paper waste 
[4]
. Figures 5.1c 
and d show the morphologies of the cellulose aerogels with cellulose 
concentrations of 0.25 and 1.00 wt. %, respectively. The aerogel with the 
higher cellulose concentration (1.0 wt. %) had a more compacted network and 
lower porosity. However, an increase in the amount of Kymene from 5 to     
20 μl in a 30 ml reaction mixture did not significantly impact the aerogel 
structures, as shown in Figures 5.1e and f, as the amount of Kymene was small 
compared to that of the cellulose fibres and the possible minor structure 
changes might not have been observed.  
 
5.2.1.2 Hydrophobicity of the cellulose aerogels 
In order to investigate the super-hydrophobicity of the developed 
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cellulose aerogels, the water contact angles were measured on both the 
external surface and cross-section of the MTMS-coated cellulose aerogels. As 





respectively, were obtained, thus proving that the hydrophobic coating 
successfully covered the whole aerogel network. The water contact angle 
values of the external surface were slightly higher than those of the cross 
section, possibly due to the greater accessibility of the external surface.  
 
Figure 5.2 Water contact angles on (a) the external surface and (b) the    
cross-section of the super-hydrophobic recycled cellulose aerogel. 
 
To examine the hydrophobic stability of the cellulose aerogels, they 
were then exposed to the normal ambient atmosphere for five months. Their 
water contact angles of 145–155o over this period were examined, as shown in 
Figures 5.3a and b below. The effects of the reagent ratios on the             
super-hydrophobic properties of the aerogels with different compositions are 
presented in Figure 5.3a. Interestingly, all the cellulose aerogels exhibited 
similar water contact angles of approximately 150
o
, regardless of their 
cellulose concentrations or Kymene amounts. It is well known that the water 
contact angles strongly depend on the functional groups on the aerogel 
surfaces. Therefore, in this case, such a small variation in the water contact 
angles may likely have been a consequence of the identical functional    
groups (-Si-O-CH3-) induced by the MTMS coating 
[4]
. Furthermore, the water 
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contact angles of the cellulose aerogels on the external surface and the     
cross-section did not show any obvious change with time, as shown in    
Figure 5.3b. These results further confirm the uniformity of the MTMS 
coating and the excellent stability of the hydrophobicity of the MTMS-coated 
recycled cellulose aerogels examined for this work. The hydrophobic 
properties of the aerogels discussed in this section are similar to those of the 
aerogels described in Chapter 4, demonstrating the excellent performance of 
the MTMS coating on different types of cellulose aerogels. 
 
Figure 5.3 Effects of exposure time on the water contact angles: (a) of the 
cellulose aerogels with different ratios of cellulose fibres and Kymene, and    
(b) on the external surface and cross-section of the same aerogel sample, 





5.2.2 Oil absorption properties of the cellulose aerogels 
The oil absorption properties of the recycled cellulose aerogels are 
discussed in this section. Several factors, such as the type of oil, the initial 
cellulose fibre concentration, the temperature, and the seawater effect with 
different pH values, were investigated with regard to their effects on the oil 
absorption capacity of the cellulose aerogels. The absorption kinetics and the 
activation energy values of cellulose aerogels are also investigated in detail in 
this section.  
 
5.2.2.1 Absorption capacities with different oils 
A 5w40 motor oil was used to investigate the oil absorption 
capabilities of the recycled cellulose aerogels listed in Table 5.1 below. This 
chapter focuses on motor oils instead of crude oils, as it aims to show the 
excellent absorption properties of cellulose aerogels with oil products 
containing additives.  








Sample A 0.25 5 99.4±0.0 
Sample B 0.50 5 98.9±0.0 
Sample C 0.75 5 98.1±0.0 
Sample D 1.00 5 97.2±0.1 
Sample E 0.60 5 98.4±0.0 
Sample F 0.60 20 98.4±0.0 
Sample G 1.00 10 97.4±0.0 
Sample H 2.00 20 96.9±0.0 
Sample I 4.00 40 96.1±0.3 
When the Kymene amount was kept at 5 μl and the cellulose 
concentration was increased from 0.25 to 0.50 to 0.75 to 1.00 wt. %, the 
measured absorption capacities of the aerogels (Samples A, B, C, and D in 
Table 5.1) were 95, 73, 58, and 49 g/g, respectively, at 25 
o
C. The maximum 
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absorption capacity of 95 g/g was achieved with the 0.25 wt. % cellulose 




) and a highest 
porosity (99.4%).  
The absorption capacities of all the MTMS-coated cellulose aerogels 
were one order greater than those of the natural sorbents, two to ten times 
greater than those of the commercial polypropylene sorbents, and five times 
greater than those of the recycled cellulose aerogels (approximately 20 g/g) 
reported in previous works using that used the sodium hydroxide/urea   
method 
[4, 5, 11–13]
. The significant enhancement of the absorption capacity may 
be largely ascribed to the reduced densities and increased porosities of the 
cellulose aerogels.  
The cellulose aerogels fabricated with Kymene binder can achieve a 
high porosity (up to 99.4 %), while the cellulose aerogels using sodium 
hydroxide and urea can achieve only 98.0 % porosity. When further decreased 
the cellulose amounts in the syntheses mixture using sodium hydroxide and 
urea, rigid aerogels could not be successfully formed.  
Temperature is also a major factor affecting the viscosity and the 
diffusion capability of the oils into the porous aerogel structures. Therefore, 
the absorption behaviour of the different oils with each aerogel was examined 
at three different temperatures of 25, 50, and 70 
o
C. As shown in Table 5.2 and 
Figure 5.4 below, the maximum oil absorption capacity increased when the 
temperature was increased from 25 to 50 
o
C, but then decreased when the 
temperature was further increased from 50 to 70 
o
C. This trend holds for the 
absorption behaviour of all the oils with the 0.50, 0.75, and 1.00 wt. % 
cellulose aerogels.  
 Table 5.2 Summary of the maximum oil absorption capacities and the absorption rate constants of the cellulose 
aerogels at different temperatures, with various cellulose fibre concentrations, using the pseudo-first-order and 
pseudo-second-order models. 
 Cellulose concentration 
(wt. %) 









Maximum absorption capacity, 
Qm (g/g) 
62.6 64.9 59.2 48.1 53.8 46.3 45.9 46.5 46.2 
Pseudo-first-order R
2
 0.986 0.970 0.972 0.977 0.954 0.966 0.986 0.993 0.944 
K1 0.293 0.324 0.355 0.254 0.319 0.367 0.218 0.287 0.357 
Pseudo-second-order R
2
 0.996 0.996 0.998 0.995 0.998 0.996 0.996 0.995 0.998 




Maximum absorption capacity, 
Qm (g/g) 
59.3 61.0 58.2 46.1 48.8 47.6 40.4 43.1 42.4 
Pseudo-first-order R
2
 0.983 0.978 0.980 0.981 0.956 0.994 0.978 0.970 0.987 
K1 0.297 0.311 0.351 0.273 0.306 0.343 0.278 0.377 0.425 
Pseudo-second-order R
2
 0.994 0.999 0.999 0.996 0.995 0.999 0.993 0.994 0.996 







Figure 5.4 Maximum absorption capacities, Qm, of (a) the 5w50 motor oil and 
(b) the Singer machine oil with the recycled cellulose aerogels with various 




The explanation for this may be that the temperature increase reduced 
the oil viscosities (shown in Table 5.3 below), which in turn facilitated oil 
penetration into the porous aerogel networks. However, the lower viscosities 
of the oils also had a negative effect on their ability to anchor to the pore walls, 
reducing the amounts of oil retained in the porous absorbents during drainage. 
Comparing the maximum oil absorption capacity with the tested temperatures, 
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it can be concluded that 50 
o
C is the optimum temperature for maximizing the 
oil absorption performance of the recycled cellulose aerogels. 










5w40 motor oil 0.140 n.a. n.a. 
5w50 motor oil 0.160 0.054 0.029 
Singer machine 
oil 
0.026 0.009 0.006 
 
Besides the temperature effects, the porosity of cellulose aerogels also 
significantly affects their oil absorbency. Table 5.2 and Figure 5.4 show that 
the oil absorption capacity of the aerogels was reduced when the initial 
cellulose concentration increased from 0.50 to 1.00 wt. %. This can be 
explained by the porosity of the cellulose aerogels. Table 5.1 shows that the 
aerogel porosity reduced from 98.9 to 97.2% when the cellulose concentration 
increased from 0.50 to 1.00 wt. %. As the aerogel porosity was lower, there 
was less space in the aerogel network for oil occupation, and therefore the oil 
absorbency was lower. 
 
Figure 5.5 Oil absorption process of the recycled cellulose aerogel with       
0.5 wt. % of cellulose fibres in artificial seawater (3.5 wt. % NaCl and pH=7) 
mixed with 5w40 motor oil and dyed with Sudan Red G before testing. 
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To evaluate the practical oil absorption performance of the recycled 
cellulose aerogels in the sea, a 3.5% NaCl solution was prepared to imitate the 
seawater. Figure 5.5 above illustrates the absorption process over several 
minutes. The cellulose aerogel was loaded on the top of the mixture, and 
quickly absorbed most of the motor oil within 7 min. 
In addition, the effects of pH on the oil absorption capacities of the 
cellulose aerogels were investigated different pH values prepared from HCl or 
NaOH. The oil absorption capacities of the 0.50 wt. % cellulose aerogels 
under pH = 3, 5, 7, and 9 environments were measured to be 63.00, 62.85, 
63.06, and 62.98 g/g, respectively. The absorption results indicated pH-
insensitive behaviour of the aerogels during the oil absorption tests, possibly 
because the oil capacities of aerogels are mostly controlled by their porosities 
and tested oil viscosities, both of which are independent of environmental pH 
values. 
 
5.2.2.2 Absorption kinetics with different oils 
The absorption kinetics of the 5w50 motor oil and Singer machine oil 
on the recycled cellulose aerogels were investigated, and are summarized in 
Table 5.2. Although sample A, with a cellulose fibre concentration of         
0.25 wt. % (Table 5.1), had the highest oil absorption capacity, it possessed a 
less rigid structure and was easy to disintegrate after repeated draining and 
absorbing of oil. Therefore, three different aerogel samples, marked B, C, and 
D (Table 5.1) and with cellulose fibre concentrations of 0.50, 0.75, and      






Figure 5.6 Absorption kinetics of (a) the 5w50 motor oil and (b) the Singer 
machine oil on the recycled cellulose aerogels with various cellulose fibre 
concentrations of 0.50, 0.75, and 1.00 wt. % at 25
o
C. The magnified images 
show the absorption kinetics of the initial 2 min of the absorption processes. 
As shown in Figure 5.6 above, the sorption capacity of each oil on the 
cellulose aerogels was plotted as a function of absorption time. The sorption 
rate was fast during the first 10 s, and the absorption reached the equilibrium 
state at 30 s for both the two oils. Figure 5.7 below shows the absorption 
kinetics of the 5w50 motor oil and Singer machine oil on the 0.50 wt. % 
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cellulose aerogel at 25 
o
C, respectively. The plots of ln[Qm/(Qm-Qt)] versus 
time t using the pseudo-first-order model are shown in Figures 5.7a and b, 
while Figures 5.7c and d display the plots of (t/Qt) against t using the    
pseudo-second-order model. 
 
Figure 5.7 Pseudo-first-order absorption linear fitting of (a) the 5w50 motor 
oil and (b) the Singer machine oil, and pseudo-second-order absorption linear 
fitting of (c) the 5w50 motor oil and (d) the Singer machine oil on the aerogel 





From the plots of Figure 5.7, the sorption rate constants k1 and k2 and 
the correlation coefficient R
2
 were calculated, and are presented in Table 5.2. 
It can be observed that the correlation coefficient values of the              
pseudo-second-order model are higher than those of the pseudo-first-order 
model for both tested oils. Therefore, for this work, the pseudo-second-order 
model could better predict the oil absorption behaviour. Most of the absorption 
rate constants (k1 and k2) for the Singer oil were bigger than those for the 
5w50 motor oil. In addition, the absorption rate constants at a higher 
temperature were larger than those of the same oil and sample at a lower 
temperature. These suggest the oil absorption processes of the Singer oil, and 
those at the higher temperature occur faster.  
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Figures 5.8a and b below show the experimental absorption kinetics 
data and the two fitted model curves for the absorption of the two oils on the 
0.50 wt. % cellulose aerogels, which show a good agreement.  
 
Figure 5.8 Experimental data fitted with the pseudo-first-order and       
pseudo-second-order models for the absorption kinetics of (a) the 5w50 motor 






The values of k1 and k2 in this chapter are generally much larger than 
those in Chapter 4. This phenomenon indicates that the absorption speed of the 
cellulose aerogels described in this chapter, with 5w50 motor oil and Singer 
oil, were much higher than those of the cellulose aerogels described in the 
previous chapter, with crude oils. This may be explained by the high porosities 
of the cellulose aerogels described in this chapter.  
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The activation energy, Ea, is an important parameter in a 
thermodynamic study 
[16]
. For example, during a successful absorption process, 
the activation energy must be overcome by an absorbate to interact with 
functional groups on the sorbent surface. The activation energy, Ea, can be 
determined from the change in the absorption rate constant, k, with 
temperature, T (K), using the Arrhenius equation 
[16, 17]
: 
        
  
  
                                        (5.3) 
in which A is the pre-exponential factor and R is the gas constant            
(8.314 J/mol K). By plotting ln[k] against 1/T, Ea can be calculated from the 
slope. 
 
Figure 5.9 Plots of ln(k1) and ln(k2) against reciprocal temperature for the 
absorption of (a, b) the 5w50 motor oil and (c, d) the Singer machine oil, 
respectively, on the cellulose aerogels with various cellulose fibre 
concentrations of 0.50, 0.75, and 1.00 wt. %. 
Plots of ln[k1] and ln[k2] versus 1/T are presented in Figure 5.9 above, 
and the activation energy values are presented in Table 5.4 below. It can be 
observed that the activation energy values of the pseudo-second-order model 
are higher than those of the pseudo-first-order model. This is because the 
pseudo-second-order model was used for the absorption process controlled by 
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chemi-sorption, which involves higher forces than in physic-sorption 
[18]
. In 
addition, compared with the 5w50 motor oil, the Singer machine oil had the 
lower activation energy values, which made the oil absorption on the cellulose 
aerogels more effective. 
Table 5.4 Activation energies of the absorption of the cellulose aerogels with 








0.50 0.75 1.00 
5w50 motor oil Pseudo-first-order 3609.6 6984.6 9331.6 
Pseudo-second-order 10682.7 13120.3 18612.6 
Singer machine 
oil 
Pseudo-first-order 3090.5 4248.0 8130.2 
Pseudo-second-order 9354.9 10610.3 15240.4 
 
5.2.3 Mechanical properties of the recycled cellulose aerogels  
Good flexibility was observed for the recycled cellulose aerogels. As 
can be observed in Figure 5.1b, the large-scale cellulose aerogel could be 
easily bent or rolled without damaging its shape. However, when the cellulose 
concentration increased slightly, its flexibility tended to decrease slightly, as it 
became more difficult for the cellulose fibres to slide and bend.  
The mechanical properties of the recycled cellulose aerogels are 
discussed in this section. As shown in Figure 5.10a below, the cellulose 
aerogels with different cellulose fibre concentrations could be compressed to 
large strains (up to 70%), demonstrating a ductile behaviour. The Young’s 
moduli of the cellulose aerogels with cellulose fibre concentrations of 0.5 and 
1 wt. % were 4 and 13 KPa, respectively. To further improve the Young’s 
modulus of the cellulose aerogels, cellulose aerogels with higher cellulose 
fibre concentrations (up to 4%) were fabricated and tested. The cellulose 
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aerogels with cellulose fibre concentrations of 2.0 and 4.0 wt. % had Young’s 
modulus values of 21 and   39 KPa, respectively. 
 
Figure 5.10 (a) The compression stress–strain curves of the cellulose aerogels 
with different cellulose fibre concentrations. The magnified section shows the 
compressive curves at the low strain (up to 5%) for the cellulose aerogels with 
different initial cellulose concentrations. (b) The modulus as a function of the 
relative density (ρ/ρc) of the cellulose aerogels.  
 
The Young’s modulus values of the recycled cellulose aerogels were 
lower than those of the cellulose nanofibre (CNF) aerogels (35–2800 KPa), 
possibly due to the weak mechanical strength of the recycled cellulose     
fibres 
[19–21]
. Meanwhile, the Young’s modulus value (21 KPa) of the cellulose 
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aerogels with 2.0 wt. % cellulose fibres fabricated by the Kymene binder 
method was similar to the value measured by the previous study using a 
sodium hydroxide–urea aqueous suspension with the same cellulose fibre 
concentration (22 KPa), this study is described in Section 4.2.3.  
A power-law relationship was observed between the Young’s modulus 
and the relative density of all the investigated cellulose aerogels. The relative 
density is defined as the ratio of the cellulose-aerogel density (ρ) to the density 
of the cellulose fibres (ρc). The proportionality factor was approximately 1.7, 
that is E ~ (ρ/ρc)
1.7
, as shown in Figure 5.10b. The proportionality factor of the 
cellulose aerogels (1.7) was similar to that of the CNF foam fabricated by 
Sehaqui et al. (1.8) 
[20]
. This phenomenon might be explained by the model 
proposed by Clyne et al. 
[19]
: when the density of the cellulose aerogels 
increases, the fibre volume fraction (ρ/ρc) of the cellulose aerogels is increased, 
and the ratio of the fibre-joint-to-fibre-joint length to the fibre diameter of the 
cellulose aerogels is decreased, which contributes to the increase in the 
Young’s modulus.  
 
5.3 Summary 
In conclusion, the advanced and cost-effective fabrication method of 
the recycled cellulose aerogels was further improved. The MTMS-coated 
cellulose aerogels exhibited stable hydrophobicity during the test period of 
over five months. Their excellent oil absorption capacities were demonstrated 
with motor oil and Singer oil. It was found that the initial cellulose fibre 
concentration significantly affected the oil absorption capability of the 
developed cellulose aerogels. The 0.25 wt. % cellulose aerogel yielded a 
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maximum absorption capacity of 95 g/g with the 5w40 motor oil. The 
maximum absorption capacity of the cellulose aerogels could be reached at   
50 
o
C, regardless of the pH values of the seawater/oil suspensions, and 
decreased with an increase in the cellulose fibre concentration.  
The pseudo-first-order and pseudo-second-order kinetics models were 
applied to describe the oil absorption behaviour of the recycled cellulose 
aerogels for the first time. The pseudo-second-order model was more suited to 
the oil absorption kinetics study of the aerogels, due to its chemi-sorption 
nature.  
Moreover, the recycled cellulose aerogels displayed excellent 
flexibility: the large-scale cellulose aerogel could be easily bent or rolled 
without damaging its shape. All the tested cellulose aerogels could also be 
compressed to up to 70% strain. The experimental results of this work 
demonstrate that the super-hydrophobic recycled cellulose aerogels described 










[1] S. Hoepfner, L. Ratke, B. Milow, Synthesis and characterisation of 
nanofibrillar cellulose aerogels, Cellulose, 2007, 15, 121-129. 
[2] N. Isobe, S. Kimura, M. Wada, S. Kuga, Mechanism of cellulose 
gelation from aqueous alkali-urea solution, Carbohyd. Polym., 2012, 89,  
1298-1300. 
[3] J. Cai, L. Zhang, Unique Gelation Behavior of Cellulose in 
NaOH/Urea Aqueous Solution, Biomacromolecules, 2006, 7, 183-189. 
[4] S. T. Nguyen, J. Feng, N. T. Le, A. T. T. Le, N. Hoang, V. B. C. Tan, 
H. M. Duong, Cellulose Aerogel from Paper Waste for Crude Oil Spill 
Cleaning, Ind. Eng. Chem. Res., 2013, 52, 18386-18391. 
[5] S. T. Nguyen, J. Feng, S. K. Ng, J. P. W. Wong, V. B. C. Tan, H. M. 
Duong, Advanced thermal insulation and absorption properties of recycled 
cellulose aerogels, Colloid. Surface. A., 2014, 445, 128-134. 
[6] H. H. Epsy, Mechanism of wet-strength development in paper: a 
review, Tappi J., 1995, 78, 90-99. 
[7] P. Nordell, Wet strength development of paper, Departemnt of Applied 
Physics and Mechanical Engineering, Lulea University of Technology, 2006. 
[8] J. Cai, S. Kimura, M. Wada, S. Kuga, L. Zhang, Cellulose aerogels 
from aqueous alkali hydroxide-urea solution, ChemSusChem, 2008, 1,       
149-154. 
[9] W. Chen, H. Yu, Q. Li, Y. Liu, J. Li, Ultralight and highly flexible 
aerogels with long cellulose I nanofibers, Soft Matter, 2011, 7, 10360. 
[10] R. T. Olsson, M. A. S. Azizi Samir, G. Salazar-Alvarez, L. Belova, V. 
Strom, L. A. Berglund, O. Ikkala, J. Nogues, U. W. Gedde, Making flexible 
136 
magnetic aerogels and stiff magnetic nanopaper using cellulose nanofibrils as 
templates, Nat. Nanotechnol., 2010, 5, 584-588. 
[11] A. Bayat, S. F. Aghamiri, A. Moheb, G. R. Vakili-Nezhaad, Oil spill 
cleanup from sea water by sorbent materials, Chem. Eng. Technol., 2005, 28, 
1525-1528. 
[12] M. O. Adebajo, R. L. Frost, J. T. Kloprogge, O. Carmody, S. Kokot, 
Porous Materials for Oil Spill Cleanup: A Review of Synthesis and Absorbing 
Properties, J. Porous Mat., 2003, 10, 159-170. 
[13] R. Wahi, L. A. Chuah, T. S. Y. Choong, Z. Ngaini, M. M. Nourouzi, 
Oil removal from aqueous state by natural fibrous sorbent: An overview, Sep. 
Purif. Technol., 2013, 113, 51-63. 
[14] Y. Chen, D. Zhang, Adsorption kinetics, isotherm and thermodynamics 
studies of flavones from Vaccinium Bracteatum Thunb leaves on NKA-2 resin, 
Chem. Eng. J., 2014, 254, 579-585. 
[15] B. Wu, M. H. Zhou, Recycling of waste tyre rubber into oil absorbent, 
Waste Manage., 2009, 29, 355-359. 
[16] P. Saha, S. Chowdhury, Insight into adsorption thermodynamics, in: M. 
Tadashi (Ed.), Thermodynamics, InTech, 2011, p. 450. 
[17] P. Sharma, B. K. Saikia, M. R. Das, Removal of methyl green dye 
molecule from aqueous system using reduced graphene oxide as an efficient 
adsorbent: Kinetics, isotherm and thermodynamic parameters, Colloid. 
Surface. A., 2014, 457, 125-133. 
[18] A. M. M. Vargas, A. L. Cazetta, M. H. Kunita, T. L. Silva, V. C. 
Almeida, Adsorption of methylene blue on activated carbon produced from 
137 
flamboyant pods (Delonix regia): Study of adsorption isotherms and kinetic 
models, Chem. Eng. J., 2011, 168, 722-730. 
[19] T. Clyne, A. Markaki, J. Tan, Mechanical and magnetic properties of 
metal fibre networks, with and without a polymeric matrix, Compos. Sci. 
Technol., 2005, 65, 2492-2499. 
[20] H. Sehaqui, M. Salajkova, Q. Zhou, L. A. Berglund, Mechanical 
performance tailoring of tough ultra-high porosity foams prepared from 
cellulose I nanofiber suspensions, Soft Matter, 2010, 6, 1824-1832. 
[21] H. Sehaqui, Q. Zhou, L. A. Berglund, High-porosity aerogels of high 
specific surface area prepared from nanofibrillated cellulose (NFC), Compos. 










The greenhouse effect is gradually warming up the earth and 
potentially threatening human life. It was found that CO2 emissions from 
buildings contributed approximately 31% of global greenhouse-gas emissions 
in 2010 
[1, 2]
. Improving thermal insulation of buildings is one of the most 
effective solutions for the issue. Therefore, many efforts have been made to 
develop new insulation materials 
[3]
. Silica aerogels have been investigated as 
insulation materials for buildings 
[4]
. However, they are very brittle. A flexible, 
aerogel-based insulation material has been developed by Aspen Aerogels 
(USA), but it is much more expensive than conventional insulation     
materials 
[4]
. As a result, there is considerable need for insulation materials 
with reasonably low thermal conductivities and costs. These materials should 
also have high thermal stability for fire safety.  
This chapter focuses on the thermal properties, such as thermal 
conductivity and thermal stability, of the recycled cellulose aerogels and their 
silica composites. This is the first time that the benchmark data of the thermal 
properties of recycled cellulose-based aerogels have been reported. Of the 
recycled cellulose-based materials in this thesis, the recycled cellulose 
aerogels using sodium hydroxide–urea aqueous solutions showed the lowest 
thermal conductivities (0.032 W/mK); however, the cellulose aerogels display 
a continuous weight loss from below 100 
o
C, during the thermogravimetric 
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(TGA) test. The cellulose–silica composite aerogels displayed the best thermal 
stability; however, their thermal conductivities (0.039–0.041 W/mK) are much 
higher than those of the cellulose aerogels using sodium hydroxide–urea 
aqueous solutions (0.032 W/mK). In summary, the recycled cellulose aerogels 
using a Kymene binder (the aerogels with the lowest cost), exhibiting lower 
thermal conductivities (0.034–0.037 W/mK) than those of the composite 
aerogels (0.039–0.041 W/mK), and a higher thermal stability (with a 
decomposition temperature of approximately 300 
o
C) surpassing that of the 
cellulose aerogels using sodium hydroxide–urea aqueous solutions, is the most 
promising thermal insulation material developed in this thesis.  
 
6.2 Thermal properties of the recycled cellulose aerogels using sodium 
hydroxide–urea aqueous solutions  
6.2.1 Thermal conductivity of the recycled cellulose aerogels using sodium 
hydroxide–urea aqueous solutions 
To investigate the thermal insulation ability of our recycled cellulose 
aerogel fabricated from a sodium hydroxide–urea aqueous solution, a thermal 
conductivity measurement was carried out with a C-Therm TCi Thermal 
Conductivity Analyzer System, as described in Section 3.3.8. The measured 
thermal conductivity of the material was 0.0320 (±0.0003) W/mK, which was 
much better than that of the recycled cellulose fibres (0.050 W/mK, provided 
by Insul-Dek Engineering Pte Ltd and tested by PSB Corporation). This 
phenomenon was because the recycled cellulose fibres were in aerogel form, 
which has a large volume fraction of air, and air has a low thermal 
conductivity (0.026 W/mK) 
[5, 6]
. The thermal conductivity of recycled 
cellulose aerogels is comparable to those of good insulation materials such as 
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wool (0.03–0.04 W/mK), silica aerogels (0.026 W/mK), and Aspen Aerogels 
products (0.021W/mK) 
[7, 8]
. The low thermal conductivity of the cellulose 
aerogel might be attributed to the high porosity of the material, as shown in 
Figures 4.1c and 4.2. This low thermal conductivity, the eco-friendliness of 
the cellulose aerogels, and the cost-effectiveness of paper waste make recycled 
cellulose aerogels promising candidates for thermal-insulation applications.  
 
6.2.2 Thermal stability of the recycled cellulose aerogels using sodium 
hydroxide–urea aqueous solutions 
For safety concerns, the practical thermal insulation materials of 
buildings need to have high thermal stability. To evaluate the thermal stability 
of the cellulose aerogel fabricated from a sodium hydroxide–urea aqueous 
solution, a TGA test was performed on the cellulose aerogel sample in air, as 
described in Section 3.3.7. The results are displayed in Figure 6.1 below.  
 
Figure 6.1 The thermogravimetric analysis (TGA) curve of the cellulose 






It can be observed from Figure 6.1 that a weight loss of approximately 
32 wt. % occurred in the temperature range of 25 to 150 
o
C due to the removal 
of the absorbed water, and the degradation of cellulose. Following this, a 
weight loss of approximately 28 wt. % occurred in the range of 150 to 300
 o
C, 
due to the oxidative decomposition of cellulose, the formation of 
carbonaceous products, and the decomposition of some urea traces left in the 
tested cellulose-aerogel sample 
[9, 10]
. In the temperature range of 300 to 700 
o
C, a slow mass loss of the residual substances was observed. There was then a 
small drop in the sample weight from 700 to 815 
o
C, possibly due to the 




6.3 Thermal properties of the recycled cellulose aerogels using a Kymene 
binder 
6.3.1 Thermal conductivity of the recycled cellulose aerogels using a 
Kymene binder 
Using the same approach as that described in Section 6.2.1, the thermal 
conductivities of the recycled cellulose aerogels fabricated with a Kymene 
binder were measured. The porosity of the cellulose aerogels using a Kymene 
binder significantly affected their thermal conductivities. Table 6.1 below 
shows that the thermal conductivity of the aerogels using a Kymene binder 
increased from 0.034 to 0.037 W/mK when the initial cellulose fibre 
concentration increased from 1.0 to 4.0 wt. %. As discussed in Section 5.2.1.1, 
increases in the initial cellulose fibre concentration lead to decreases in the 
porosity of the resultant cellulose aerogels. When the porosity is lower, there 
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is more solid substance to promote thermal conduction and reduce thermal 
insulation.  
Table 6.1 Effects of cellulose fibre concentrations on the thermal 








Thermal conductivity  
(W/mK) 
1.0 0.0392±0.0005 0.0340±0.0003 
2.0 0.0473±0.0004 0.0353±0.0006 
4.0 0.0592±0.0032 0.0366±0.0003 
 
6.3.2 Thermal stability of the recycled cellulose aerogels using a Kymene 
binder 
Comparing Figure 6.1 with Figure 6.2 (below), the thermal stability of 
the cellulose aerogels using a Kymene binder was much better than that of the 
cellulose aerogels fabricated from the sodium hydroxide–urea aqueous 
solution. A weight loss of 6.5 wt. %, corresponding to the water release, was 
observed in the temperature range of 25–150 oC for the cellulose aerogel using 
a Kymene binder. Slow decomposition of the material was observed between 
150 and 300 
o
C, and 86.3 wt. % remained of the cellulose aerogel using a 
Kymene binder at 300 
o
C. In comparison, 40.7 wt. % remained of the cellulose 
aerogel fabricated from the sodium hydroxide–urea aqueous solution at the 
same temperature.  
The obvious differences suggest that the thermal stability of the 
cellulose aerogel using a Kymene binder was much better than that of the 
cellulose aerogel synthesized via the sodium hydroxide–urea route. The 
differences between the thermal stabilities of these two cellulose aerogels 
could possibly be explained by two major factors: (1) there was no urea 
involved in the fabrication of the cellulose aerogels via the Kymene route, and 
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so there was no urea residue 
[12]
; and (2) the sonication method applied with 
the Kymene route, as a mechanical approach, had an advantage over the 





Figure 6.2 A typical image of the thermogravimetric analysis (TGA) curve of 
the cellulose aerogel using a Kymene binder. There were no observable 
differences between the TGA curves of the cellulose aerogels with different 
initial cellulose concentrations.  
6.4 Properties of the silica–cellulose aerogels 
The silica–cellulose composite aerogels were fabricated by immersing 
the cellulose matrixes inside the solutions containing a silica precursor, as 
described in Section 3.2.4. The cellulose matrixes were the recycled cellulose 
aerogels (obtained after hydrophobic coating) fabricated with a Kymene 
binder described in Section 3.2.2. The main purpose of the development of the  
silica–cellulose aerogels was to further improve the thermal stability and 
mechanical strength of the pure cellulose aerogels, which are extensively 
discussed in Sections 4.2.3, 5.2.3, 6.2.2 and 6.3.2. The different silica–
cellulose aerogels are synthesized from the varied cellulose matrixes with 
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different initial recycled cellulose fibre concentrations (1.0–4.0 wt. %) in the 
initial cellulose suspensions. In this section, the morphology, structure, 
thermal, and mechanical properties of the different composites are discussed.  
 
6.4.1 Morphology and hydrophobicity of the silica–cellulose aerogels 
6.4.1.1 Morphology and structure of the silica–cellulose aerogels 
The morphologies of the silica–cellulose composite aerogels were 
investigated with FE-SEM. Figures 6.3a–c display the SEM images of the 
silica–cellulose aerogels fabricated with the cellulose matrixes with different 
cellulose fibre concentrations in the initial cellulose aqueous suspensions. The 
images in Figures 6.3a–c suggest that the cellulose matrix served as the   
three-dimensional supporting frame.  
 
Figure 6.3 SEM images of the silica–cellulose aerogels fabricated with the 
cellulose matrixes with different cellulose fibre concentrations (a) 1.0 wt. %, 
(b) 2.0 wt. %, and (c) 4.0 wt. % in the initial cellulose aqueous suspensions.  
(d) is a typical image of the zoomed-in silica region of the composites. 
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The intersection points between the cellulose fibres were strengthened 
by a great number of hydrogen-bond links, which helped the formation of the 
strong supporting frame 
[15]
. The strong supporting frame restricted the silica 
particles firmly within it by a confinement effect 
[16]
. Meanwhile, the 
interconnected silica particles reinforced the cellulose matrix by attaching 
themselves to the matrix. As a result, a more rigid structure was formed. 
The structures of the silica–cellulose aerogels using different cellulose 
aerogel matrixes are compared in Figures 6.3a–c. When the cellulose content 
was higher, silica particles with a smaller particle size and more uniform 
distribution were found. This phenomenon might be explained by the 
following speculations proposed in this thesis. Before the freeze drying, the 
cellulose fibres were embedded in the silica hydrogel. During the freeze 
drying (including the freezing pre-treatment), the silica particles away from 
the cellulose fibres experienced less force from the cellulose matrix than the 
silica particles next to the cellulose fibres. The denser cellulose matrix led to a 
more uniform distribution of small silica particles because of the more 
uniformly distributed force exerted by the cellulose matrix. On the other hand, 
the loose cellulose matrix with many large pores yielded a number of large 
silica particles located away from the cellulose fibres because of the small 
force exerted by the cellulose matrixes. At the same time, inside the loose 
cellulose matrix, the large silica particles located away from the cellulose 
fibres coexisted with the small silica particles that formed near the cellulose 
fibres, yielding a less uniform distribution.  
The mesostructures of the silica–cellulose aerogels using different 
cellulose aerogel matrixes were nearly identical, and a typical image of the 
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magnified silica region of the silica–cellulose aerogels is shown in Figure 6.3d. 
The mesostructure of the silica particles was similar to the findings of other 
groups that developed silica–cellulose aerogels [16, 17].  
The nitrogen adsorption of the silica–cellulose aerogels was studied, 
and the adsorption–desorption isotherms are displayed in Figure 6.4 below. As 
shown in Table 6.2 below, the BET surface areas of the silica–cellulose 
composite aerogels were between approximately 198 and 296 m
2
/g, 
comparable to the surface areas found in similar studies conducted by                       
Demilecamps et al. (90–170 m2/g) [18] and Litschauer et al. (220–290 m2/g) [19].  
 
Figure 6.4 The nitrogen adsorption/desorption isotherms of the               
silica–cellulose aerogels fabricated with different cellulose matrixes. The 
different cellulose matrixes were fabricated with different cellulose fibre 
concentrations (1.0, 2.0, and 4.0 wt. %) inside the initial cellulose aqueous 
suspensions. 
 
Table 6.2 Morphology studies of the cellulose–silica composites. 
Cellulose fibre 
concentration inside the 
initial suspension for 


















1.0 0.149±0.005 79±4 296±31 93.8±0.0 
2.0 0.146±0.005 73±5 248±28 93.8±0.0 
4.0 0.138±0.002 60±3 198±24 93.7±0.0 
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A moderate linear relationship was observed between the silica mass 
concentration and the BET surface area of the composite, as shown in     
Figure 6.5 below. The silica mass concentration was calculated as the ratio of 
the mass of the composite aerogel excluding the mass of the cellulose matrix 
(before embedding) to the mass of the silica–cellulose aerogel. This 
relationship indicated that the different cellulose matrixes played a minor role 
in the meso-porous structure of the silica–cellulose aerogels, which is 
consistent with previous SEM findings.  
 
Figure 6.5 The moderate linear relationship between the silica mass 
concentration and the BET surface area of the composite. 
 
As can be observed in Figure 6.6 below, the X-ray diffraction patterns 
of the silica–cellulose composite aerogels seem to be the superposition of 
those of the pure cellulose aerogels and the pure silica aerogels, which is 
similar to the findings of Cai et al. 
[20]
. This XRD finding implies that the 
extent of chemical reaction between the cellulose fibres and the silica 
components was quite limited as no new compound was detected. The XRD 
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results suggest that it was reasonable for the meso-porous structure of the 
silica–cellulose aerogels to be controlled only by the silica components as the 
cellulose matrix did not possess a detectable BET surface area, and no new 
compound was formed. In addition, the XRD results indicate that the 
attachments between the cellulose fibres and the silica particles observed in 
the SEM images were physical instead of chemical.  
 
Figure 6.6 XRD patterns of the silica aerogel, the cellulose aerogel, and the 
silica–cellulose aerogels fabricated from cellulose matrixes with different 
cellulose fibre concentrations (1.0, 2.0, and 4.0 wt. %) inside the initial 
suspensions. 
 
6.4.1.2 Hydrophobicity of the silica–cellulose aerogels 
According to Shi et al. 
[17]
, the hydrophobicity of the composite could 
improve the stability of the heat-insulation performance of the material. To 
date, research on hydrophobic modifications of silica–cellulose composite 
aerogels has been limited. In 2013, Shi et al. 
[17]
 applied a CCl4 cold-plasma 





proposed a solvent-immersion method involving a 24 h aging followed by 
freeze drying. Both methods might be considered uneconomical because of 
either the expensive equipment or the large amount of chemicals and the long 
duration involved. Moreover, the water contact angles of the modified 





indicating that the aerogels were not super-hydrophobic 
[16, 17]
.  
However, the silica–cellulose composite aerogels developed for this 
thesis exhibited the super-hydrophobic property. The average water contact 
angle was approximately 151 
o
 for all three composites. Figure 6.7 below 
shows a typical image of the water contact angle measurements of the 
composites. This excellent water-repelling property was inherited from both 
the hydrophobic cellulose matrix and the silica precursor (MTMS). The 
hydrophobic property of the cellulose matrix is discussed extensively in 
Section 5.2.1.2. Meanwhile, the stable methyl group of MTMS was 
responsible for the excellent hydrophobicity of the silica components 
[21]
. 
Further modification of the fabricated composite aerogels was not required to 
achieve the super-hydrophobicity, which could be considered a remarkable 
advantage. 
 




6.4.2 Thermal conductivity of the silica–cellulose aerogels 
As suggested by table 6.3, the thermal conductivities of the silica–
cellulose aerogels (0.0385–0.0410 W/mK) increase with the increases in 
density (0.138–0.149 g/cm3). With references to Table 6.1, and Table 6.3 
below, the thermal conductivities and the densities of the silica–cellulose 
aerogels (0.0385–0.0410 W/mK; 0.138–0.149 g/cm3) were higher than those 
of the cellulose aerogels using a Kymene binder (0.034–0.037 W/mK; 0.039–
0.059 g/cm
3




The thermal conductivities of the silica–cellulose aerogels (0.0385–
0.0410 W/mK) were lower than those of the silica–cellulose composites 
fabricated by other groups (0.15 W/mK), and comparable to those of 
conventional insulation materials, such as polyurethane foams (0.02–         
0.04 W/mK) and insulation boards (0.035–0.16 W/mK) [7].  
Table 6.3 The thermal conductivities of the silica–cellulose aerogels 
fabricated from cellulose matrixes with different cellulose fibre concentrations 
in the initial suspensions. 
Cellulose fibre concentration in the initial 










1.0 0.149±0.005 0.0410±0.0003 
2.0 0.146±0.005 0.0390±0.0006 
4.0 0.138±0.002 0.0387±0.0003 
 
6.4.3 Thermal stability of the silica–cellulose aerogels 
As shown in Figure 6.8 below, it is clear that the thermal stability of 
the composite was better than that of the pure cellulose aerogel without the 
silica embedment. A small weight loss of approximately 2 wt. % of the 
composites before 150 
o
C corresponds to the water release. The cellulose 
aerogel using a Kymene binder showed an approximately 7 wt. % weight loss 
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up to 150 
o
C, which is greater than that of the composite. This smaller weight 
loss from the desorbed water was due to the super-hydrophobicity of the 
composite.  
 
Figure 6.8 The thermogravimetric analysis (TGA) curve of the silica–
cellulose aerogel, compared with that of the cellulose aerogel using a Kymene 
binder. The composite aerogels were fabricated from cellulose matrixes with 




C delay in the thermal degradation of the cellulose component of 
the composite was observed at 325 
o
C, compared with 300 
o
C before the silica 
modification. This increase in the degradation temperature might have been 
due to an interaction between the silica and the cellulose matrix at higher 
temperatures, and the interaction showed a positive effect on the thermal 
resistance of the composite 
[7, 24]
. At 300 
o
C, 93 wt. % silica–cellulose aerogels 
was remained, as opposed to 86 wt. % of cellulose aerogels using Kymene 
binder, demonstrating a better thermal stability. 
The slow mass loss of the residual substances followed the rapid 
oxidative decomposition stage, after which the oxidation of the charred 
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residue occurred and continued to the plateau. At the plateau, 51 wt. % of the 
silica–cellulose aerogel was preserved, mainly containing the silica.  
 
6.4.4 Mechanical properties of the silica–cellulose aerogels 
The silica modification did not impede the ductile behaviour of the 
silica–cellulose aerogels. The compressive strain–stress curves of the silica–
cellulose aerogels fabricated from different cellulose matrixes are displayed in 
Figure 6.9 below.  
 
Figure 6.9 The compressive strain–stress curves of the silica–cellulose 
aerogels fabricated from the cellulose matrixes with different cellulose fibre 
concentrations (1.0, 2.0, and 4.0 wt. %) in the initial suspensions. The 
magnified section shows the compressive curves at the low strain (up to 5%) 
for the composite aerogels. 
 
Silica embedment improved the mechanical strength of the aerogels 
dramatically. The compressive Young’s moduli of the composites were three 
to five times greater than those of their cellulose aerogel matrixes, as shown in 
Table 6.4 below. One contributing factor to the high mechanical strength of 
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the silica–cellulose aerogels was their high densities compared with those of 
the cellulose matrixes, which is typical for many material systems, as the 
materials are more rigid and stiff, with a higher density 
[25, 26]
. From 
microcosmic aspect, the silica particles restrained the bending of the cellulose 
fibres, improving the mechanical strength of the silica–cellulose aerogels. 
 
Table 6.4 The Young’s modulus of the silica–cellulose composites and their 
cellulose aerogel matrixes. 
Cellulose fibre concentration 
in the initial suspension for 















1.0  13±1 0.149±0.005 86±3 
2.0 21±1 0.146±0.005 104±3 
4.0 39±2 0.138±0.002 169±5 
 
For the silica–cellulose aerogels, the Young’s modulus increased with 
slight decreases in density, as suggested in Table 6.4. This might possibly be 
explained by the increased cellulose content of the silica–cellulose aerogels, as 
proposed by this thesis. The cellulose matrix reinforces and constrains the 
silica granules, and the higher cellulose content leads to a more rigid cellulose 
matrix; thus the Young’s modulus of the composite increases with the 
increases in the cellulose content.  
 
6.5 Summary 
In summary, the three recycled cellulose-based aerogels with three 
different thermal property combinations have been discussed. The thermal 
conductivity of the cellulose aerogel using a sodium hydroxide–urea aqueous 
solution was 0.032 W/mK, which was the lowest among the recycled cellulose 
fibre–based aerogels discussed in this thesis. However, the cellulose content of 
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this material begins to degrade at 150
 o
C; therefore the material will require 
substantial modifications if the thermal stability is a major concern.  
The recycled cellulose aerogels using a Kymene binder with           
cost-effective fabrication displayed better thermal stability than the cellulose 
aerogels using a sodium hydroxide–urea aqueous solution. However, the 
thermal conductivities of the aerogels using a Kymene binder were between 
0.034 and 0.037 W/mK. These thermal conductivity values are slightly higher 
than those of the cellulose aerogels using a sodium hydroxide–urea aqueous 
solution.  
To improve the thermal stability of the recycled cellulose-based 
aerogels further, the silica–cellulose composite aerogels were successfully 
developed. A 25 
o
C delay in the cellulose degradation was also observed for 
the composites. The developed silica–cellulose aerogels also had better 
mechanical strengths (compressive Young’s modulus: 86–169 KPa) than those 
of the cellulose aerogels (compressive Young’s modulus: 13–39 KPa). 
Moreover, the inherent super-hydrophobic property of the silica–cellulose 
aerogels is also desirable for reliable and long-term thermal insulation. The 
thermal conductivities of the silica–cellulose aerogels were approximately 
0.04 W/mK, comparable to those of commercial insulation products and lower 
than those of the cellulose aerogels described in this thesis, as discussed in 
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CHAPTER 7: Conclusions and Recommendations 
 
7.1 Conclusions 
For the first time, paper waste can be successfully converted into 
cellulose-based aerogels with high oil absorption capacities (95 g/g), good 
thermal-insulation performances (0.032 W/mK), and excellent water-repellent 
properties (151
o
). Recycled cellulose-based aerogels utilizing paper waste are 
promising and economical candidates for several applications, such as oil-spill 
cleaning and building thermal insulation.  
For this thesis, two methods were successfully explored for the 
fabrication of recycled cellulose aerogels: (1) the method using a sodium 
hydroxide–urea aqueous solution; and (2) the approach using a Kymene binder. 
In addition, morphology control of the recycled cellulose aerogels could be 
efficiently achieved by changing the cellulose concentration. To obtain the 
hydrophobic coating, a simple but effective chemical vapour deposition 
method via MTMS was developed, and the stability of the hydrophobic 
coating was tested. The recycled cellulose aerogels generated from both 
fabrication methods demonstrated stable hydrophobic properties over the 
tested time span of five months.  
The crude oil–absorption behaviour of the recycled cellulose aerogels 
fabricated from a sodium hydroxide–urea aqueous suspension (cellulose fibre 
concentration: 2.0 wt. %) was studied. During this study, the sorption 
capacities of the cellulose aerogels of three different crude oils (RB, TGT, and 
RD) at three different temperatures (25, 40 and 60 °C) were investigated. For 
all the cellulose aerogels, RB at 40 °C had the highest absorption capacity, 
160 
24.4 g/g; the absorption capacities depended on the viscosities of the oils. The 
absorption kinetics of the cellulose aerogels using a sodium hydroxide–urea 
aqueous suspension with the three different crude oils were investigated. The 
aerogels easily absorbed crude oil and were completely immersed in the oil 
after approximately 3 min, indicating high affinity between the absorbent and 
the crude oils. Furthermore, the compressive modulus of the aerogel (cellulose 
fibre concentration: 2.0 wt. %) was calculated as approximately 22 KPa from 
the strain–stress curve. The recycled cellulose aerogels fabricated from the 
sodium hydroxide–urea aqueous solution method are good candidates for    
oil-spill cleaning because of their reasonable oil absorption properties and 
compressive modulus. However, the fabrication cost and time of these 
cellulose aerogels need to be further reduced for industrial oil spill–cleaning 
applications.  
Because of these limitations, the oil absorption properties of the 
recycled cellulose aerogels fabricated with a Kymene binder were also 
investigated. The initial cellulose fibre concentration played a critical role in 
the absorption capacities: the decreases in the initial cellulose fibre 
concentration led to increases in the absorption capacities due to the reduced 
porosities. The maximum absorption capacity of 95 g/g (for 5w40 motor oil) 
was achieved by the cellulose aerogels with a cellulose fibre concentration of 
0.25 wt. % in the initial cellulose aqueous suspension.  
The optimum temperature for high oil absorption capacity was 50 
o
C 
(of 25, 50, and 70 
o
C) because of the favourable viscosities of the oils at this 
temperature, as the viscosities were low enough for the oils to efficiently 
penetrate the porous aerogel networks and high enough for the oils to 
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effectively anchor to the pore walls of the cellulose aerogels. In addition, the 
pH values of the seawater/oil suspension had negligible effects on the oil 
absorption capacities of the cellulose aerogels, as the key factors affecting 
absorption capacity (the porosities of the cellulose aerogels and the viscosities 
of the oils) were independent of the environmental pH values.  
The oil absorption kinetics of the cellulose aerogels were investigated 
via both the pseudo-first-order and pseudo-second-order kinetics models. 
Benchmark values for the absorption rate constant and the activation energy of 
the oil absorption behaviour of cellulose aerogels using a Kymene binder have 
been provided in this thesis, with these two kinetics models. The           
pseudo-second-order model can better predict the oil absorption behaviour due 
to its chemi-sorption nature.  
The raw-material toxicity of the cellulose aerogels using a Kymene 
binder was significantly lower than that of the aerogel using sodium 
hydroxide–urea. This is because only a few micro-litres of Kymene, instead of 
a few grams of sodium hydroxide and urea, was required during the 
fabrication. In addition, the Kymene method made it possible to shorten the 
synthesis duration from the nine days of the previous method (using sodium 
hydroxide–urea) to three days. Furthermore, cellulose aerogels (cellulose fibre 
concentration: 0.6%) of industrial-scale size (38 cm by 38 cm by 1 cm) and 
using a Kymene binder were fabricated, and could be easily bent or rolled 
without damaging their shape, indicating excellent flexibility.  
In conclusion, the recycled cellulose aerogels using a Kymene binder, 
which are cost-effective and have excellent oil absorption properties and high 
flexibility, could be very promising sorbents for oil spill–cleaning applications.  
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In addition, the thermal insulation and thermal stability of three types 
of recycled cellulose-based aerogels were explored: (1) the recycled cellulose 
aerogels using a sodium hydroxide–urea aqueous suspension; (2) the recycled 
cellulose aerogels using a Kymene binder; and (3) the silica–cellulose aerogels. 
The cellulose aerogels using a sodium hydroxide–urea aqueous suspension 
showed the lowest thermal conductivity (0.032 W/mK) of the three types of 
cellulose-based aerogels due to their high porosity. However, the thermal 
stability of these aerogels was the worst, with continuous degradation 
observed at a relatively low temperature (below 150 
o
C), because of the 
chemical treatment method and the fact that urea was involved in the 
fabrication. 
The most cost-effective cellulose aerogels using a Kymene binder 
showed an observable improvement in thermal stability over the previous 
cellulose aerogels, because the Kymene method mainly applies a mechanical 
approach and no urea is involved. However, their thermal-conductivity values 
(0.034–0.037 W/mK) were slightly higher than those of the cellulose aerogels 
using the sodium hydroxide–urea method, due to their lower porosity and 
highly compressible nature. 
To improve thermal stability further, the silica–cellulose aerogels were 
successfully developed. A significant improvement in thermal stability was 
achieved: the thermal degradation of the cellulose component shifted from  
300 
o
C for the cellulose aerogels using a Kymene binder to 325 
o
C for the 
silica–cellulose aerogels. This shift might have been due to the interaction 
between the silica and cellulose matrixes under the heating conditions; at    
800 
o
C, approximately 58–72 wt. % of the silica–cellulose aerogels was 
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preserved, compared with 20 wt. % of the cellulose aerogels using a Kymene 
binder, due to the thermally stable silica component. The major DTA peak 
also shifted from 352 
o
C for the cellulose aerogels to 530–550 oC for the 
silica–cellulose aerogels, as the major DTA peak of the composites is caused 
by the oxidation of the methyl group of the silica component. In addition, the 
silica–cellulose aerogels displayed an inherent super-hydrophobic property 
and better mechanical strength (Young’s modulus: 86–169 KPa) than the 
cellulose aerogels using a Kymene binder (4–39 KPa). However, the thermal 
conductivities (approximately 0.04 W/mK) of the silica–cellulose aerogels 
were higher than those of the cellulose aerogels using a Kymene binder, due to 
their high density and low porosity.  
 
7.2 Future work recommendations 
This thesis focuses on synthesizing cellulose-based aerogels from 
recycled paper cellulose fibres and testing their properties. Other cellulosic 
sources for aerogel fabrication would also be of interest for some specific 
applications, such as the components of thermal-insulation lunch boxes and 
wound dressings for medical uses. Both these applications require a high 
standard of hygiene, which the recycled cellulose fibre described in this thesis 
cannot meet without further modifications. Moreover, the most effective way 
to further improve the mechanical properties of the cellulose-based aerogels 
would be to change the cellulose source, for example to bacterial cellulose or 
plant cellulose, with its inherent high mechanical strength. However, the 
synthesis methods introduced in this thesis may also be applicable to other 
similar cellulosic sources.  
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In addition, the only cellulose aerogel–based composite investigated 
for this thesis was the silica–cellulose aerogels, for the purpose of improving 
thermal stability and mechanical strength, compared with pure cellulose 
aerogels. Other cellulose-based composites would also be interesting subjects 
for other purposes, for example the absorbents that undergo swelling during a 
sorption process. This type of material has the advantages of easy storage and 
fast-rate absorption. One possible approach to creating such materials is to 
develop cellulose–carboxymethylcellulose (CMC) composite aerogels. 
Cellulose–CMC hydrogels have been successfully fabricated, and shown 
swelling properties 
[1]
. The aerogels that are based on these swelling hydrogels 
might therefore display a higher swelling rate and ratio than the hydrogels. 
However, one possible problem is the brittleness of the new material, which 
will need to be carefully handled.  
The recycled cellulose-based aerogels in this thesis may also be 
promising materials for acoustic insulation, as cellulose materials are well 
known for their good acoustic insulation properties 
[2–4]
. To test the acoustic 
insulation properties of the cellulose-based aerogels, standing wave tube 
methods could be applied, as they could provide the acoustic absorption 
coefficients 
[5, 6]
. However, when only rough estimates are needed, it might be 
possible to use a sound-signal generator producing known sound signals at the 
appropriate frequency range, and a sound meter to investigate the acoustic 
insulation properties of the cellulose-based aerogels.  
With this approach, the sound generator may be placed both inside and 
outside an insulation box fabricated from the testing material, and the incident 
sound signal measured at the same distance from the sound generator in both 
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situations. The sound absorption efficiency might be defined as the ratio of the 
absorbed sound intensity to the known sound intensity. After the absorption 
efficiencies of the different cellulose-based aerogels and reference materials 
are obtained, it would be straightforward to evaluate the acoustic insulation 
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